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CHAPTER I 
INTRODUCTION 
Purpose of Investigation 
Luminescence of solids has been one of the most active areas of 
basic scientific investigation f~r over sixty years (1). Inorganic 
phosphors have been of particular interest due to their commercial use 
in catho.de ray tubes for radar, television and other visual displays and 
fluorescence lighting systems. Many of these materials have also been 
found to be usuable as lasers. 
Of vital importance to the ·study of inorganic phosphors is the proc~ 
ess of host sensitized energy transfer which can produce both good and 
bad effects. Energy transfer from the host material to activator ions 
which have been introduced.into the host lattice is .an efficient means 
of producing fluorescence as well as lower.thresholds in laser materials. 
At the same time energy transfer from the host material to sinks or traps 
where the energy is lost tQ the latti_ce is responsible for quenching of 
the host luminescence. 
Trivalent samarium in calcium tungstate has been.a commerc~ally im~ 
portant phosphor for years. Surprisingly, however, the basic physics of 
the energy transfer mechanism has not been thoroughly investigated. The 
purpose .of this investigation is to determine the mechanism by which energy 
is transferred from the tungstate ions to samarium ions, to determine the 
energy transfer rates and to study the_ effect of temperature and. samarium 
1 
concentration on the energy transfer rates. 
Energy Transfer in Solids 
Definitions 
The movement of a quantum of excitation from one ion (S) to an ion 
(A) in a crystal is called energy mtgration if ion Sand A are of the 
same type and energy transfer if-Sand A are different. 
2 
For the case of energy transfer the S ion is called the sensitizer 
and A is call.ed the activat.or ion. The activator may be present as an 
impurity or probe in the lattice of S ions in which case.we refer to the 
energy transfer as host sensitized. Impurity sensitization refers to 
the case where both _the S and A ions are impurities in the host· lattice. 
Types of Energy Transfer 
The process of energy tl:'ansfer can be broken into five -steps (2): 
(1) an ion S absorbs a quantu~ of excitation energy E1 and is raised to 
an excited state, (2) the lattice surrounding S relaxes, thus reducing 
the energy th~t may be released in an electronic transition, the energy 
available is E2 < E1 , (3) the transfer of energy E2 to an activator ion 
A, (4) relaxation of the lattice surrounding A, making the available 
energy E3 < E2, (5) the transition of A to the ground state and the 
emission of a photon of energy E3• 
In general there are four methods by which the third step may take 
place: 
(1) Photoelectric - an ion absorbs a quantum of excitation creat-
ing a free .electron and hole either of which may travel through the 
lattice. 
(2) Radiative reabsorption - a.quantum of excitation is absorbed 
by an ion which later emits a photon. The photon travels through the 
lattice until absorbed by another ion. 
(3) Long range resonant interaction - an ion which has been ex-
cited by absorbing a photon, interacts via a multipole-multipo.le or 
exchange interaction with another ion and subsequently transfers the 
quantum of excitation. 
3 
(4) Exciton migration - at the absorbing ion a coupled electron-
hole pair, an exciton, is created which then migrates through the lattice 
carrying excitation but not charge. At some other point in the lattice 
the pair recombine releasing the excitation energy. 
The first two mechanisms have been well studied for years and are 
not considered in this investigation and in all experimental work steps 
were taken to insure that these mechanisms were not operating. Further 
discussion of energy transfer and the derivation of energy transfer 
rates will pertain only to long range resonant interaction (LRRI, also 
callsd Forster-Dexter interaction) and to exciton dynamics. 
Methods of Investigation 
Three types of experiments were used in this investigation: exci-
tation spectra, fluorescence spectra and time resolved spectroscopy, all 
of which were performed as a function of sample temperature and activa-
tor concentration. 
Excitation spectra were obtained by monitoring the fluorescence in-
tensity at a specific wavelength as a function of the waveleqgth of the 
light exciting the sample. Excitation spectra give insight into the 
structure of absorption bands which may otherwise be hidden due to the 
4 
large absorption coefficients in certain regions, Excitation spectra 
are not identical to absorption spectra due to a number of processes 
such as radiationless quenching and energy transfer. One of the most 
useful applications of excitation spectra is to indicate which parts of 
the sensitizer absorption spectra are most efficient in transferring 
energy to the activator ions. The temperature dependence of the excita-
tion spectra gives insight as to the importance of radiationless transi-
tions 'between sensitizer excited states to the energy transfer and migra-
tion processes. 
Fluorescence spectra were obtained by exciting the sample at a 
specific wavelength and monitoring the intensity of the resulting fluo-
rescence as a function of wavelength. Fluorescence spectra indicate the 
degree of Stokes shift between the absorbed and emitted radiation as 
well as the degree of overlap of the sensitizer emission and activator 
absorption. Comparison of the fluorescence spectra obtained by direct 
excitation of the activator ions to fluorescence spectra of the activa-
tor ions produced when the activator is excited by energy transfer from 
the sensitizer ions is useful in the determination of an energy transfer 
model. Finally the ratio of the activator to sensitizer integrated fluo-
resc.ence intensities as a function of temperature and activator concen-
tration is used to elucidate the characteristics of the energy transfer 
mechanisms and energy transfer rates. 
Time resolved spectroscopy measurements were made using fast elec~ 
tronics and single photon counting techniques. The result of these meas-
urements is to obtain a picture of the fluorescence intensity as a func-
tion of time. The spectra are examined to determine if the decay is a 
single exponential. Non-exponential decay is an indicator that processes 
5 
other than a single fluorescence transition from the ~bsorbing level are 
present. 
In the case of exponential decays the lifetime is determined. The 
lifetime of the sensitizer ions with no activators present is a para-
meter necessary for determination of the energy transfer rates. Also 
the ratio of the sensitizer lifetime in the presence of activators to 
the lifetime of the sensitizer in the absence of activators as a func-
tion of temperature and activator cqncentration helps characterize the 
energy transfer mechanisms. 
Summary of Previous Work 
In the late thirties the possibility of using phosphorous materials 
as a method of artificial lighting sparked renewed interest in inorganic 
phosphors. Thayer and Barnes (3) and Besse (4) made measurements of 
the efficiency of production of broad band fluorescence on undoped pow-
dered calcium tungstate for excita.tion in the vacuum and near ultraviolet 
regions. At the same time Johnson and Davis (5) made measurements of 
the trivalent samarium lifetime in powdered samples of calcium tungstate 
but their apparatus was unable to measure the "very fast" tungstate life-
time. 
Most of the currently accepted work on calcium tungstate and calcium 
tungstate doped with trivalent samarium has been done by Kroger (6) and 
Botden (7). Kroger's work was mostly to study the effect of different 
metallic ions on the tungstate fluorescence. Botden investigated the 
quenching of the tungstate fluorescence as a function of samarium concen-
tration and excitation wavelength in the temperature region 700°K to 
100°K. 
Although a great deal of experimental work has been reported on 
this system very little theoretical work has been done. No rigorous 
molecular orbital calculations have been carried out for calcium tung-
state. Butler (8) reported the results of limited molecular orbital 
calculations for the wo 42- molecular ion but qualifies the results as 
being "highly speculative." Molecular orbital calculations on the iso-
electronic Mno 4- molecular ion has been reported by Day (9) and Wolfs-
burg and Helmholz (10). 
Although the spectra of many rare earth ions in calcium tungstate 
have been studied (11,12) no attempt has been made to explain the sm3+ 
spectra in calcium tungstate. Several attempts (13,14,15) have been 
3+ 
made to explain the free ion spectra of Sm • Van Uitert and Johnson 
6 
(16) studied the quenching of Sm3+ fluorescence in calcium tungstate due 
to samarium ion interaction and again the work was limited to room tem-
perature measurements. 
Photoconductivity was observed in calcium tungstate by Randall and 
Willkins (17) but this work was ·disputed by Klick and Schulman (18) in 
1949. Recent works (19,20,21) indicate that calcium tungstate does ex-
hibit some photoconductivity. 
Sunnnary of Investigation 
In this investigation we characte.rized the host sensitized energy 
transfer in samarium doped calcium tungstate. The investigation consist-
ed of three parts the first of which was to.formulate a model for the 
undoped calcium tungstate~ By studying the temperature dependence of 
the fluorescent intensities, lifetimes and excitation spectra.of the un-
doped calcium tungstate a model of the undoped sample was formulated. 
7 
This model is a configurational coordinate model of the ground state and 
first few excited states of the wo42- center which convincingly explains 
the observed intensity data and a model of the energy migration mechanism 
which explains the observed temperature dependence of the WO z- lifetime 4 
data. 
The second part of the investigation was to explain the spectra of 
h S 3+. . C WO F h f h ' .. S 3+ fl t e m ions 1n a 4. rom t e spectra o t e 1ntr1ns1c m uores-
cence an empirical energy level diagram of trivalent samarium in calcium 
tungstate was constructed. 
The third part of the investigation was to study the quenching of 
the wo42- lifetime and integrated fluorescence intensity as a function of 
temperature and samarium concentration. From this data and the results 
of the first two parts of the investigation the important energy trans-
fer mechanisms were identified and the energy transfer rates determined. 
Measurements were made at numerous temperatures between room tern-
d looK. perature an Good single crystal samples were used, one undoped 
Cawo4 sample and three Sm3+ doped Cawo4 samples with Sm3+ concentrations 
of .01, .1 and 1.0 atomic percent. Our investigation has several sig-
nificant advantages over previous work on this system. No previous work 
was done using good single crystals but was all performed on powdered 
samples. No previous work extended to temperatures below l00°K. Exten-
sion of the measurements to 10°K was vitally important in establishing 
2-
a realistic configurational coordinate model for the wo4 site and in 
establishing the energy migration model for the undoped sample, as well 
as for the empirical determination of the energy levels of sm3+ in 
Cawo4 • 
3+ No previous work obtained the excitation spectrum of Sm in 
Cawo4 • 
8 
Finally no previous work .has been done using the powerful technique 
of time resolved spectroscopy. The unusual results of the T.R.S. meas-
urements led us to propose an energy transfer mechanism which could not 
be arrived at by only steady state fluorescence measurements. 
CHAPTER II 
THEORETICAL 
FBrster-Dexter Interaction 
Much of the pioneer work on the formalism of energy transfer via a 
resonant interaction was done by Theodore F5rster (22,23) and D. L. 
Dexter (24) and consequently long range resonant interaction is often re-
£erred to as Forester-Dexter interaction. The following derivation of 
the dipole-dipole energy transfer rate follows closely the development of 
Dexter. 
Energy transfer from a sensitizer to an activator can be described 
by a semi classical model of the interaction. The initial state of the 
system is taken to be a product of the states of the two ions with the 
sensitizer in an excited state and the activator in the ground state. 
Mathematically this can be written as 
= 
.. 
A 
where the primes indicate excited states, A is the antisymmeterizer 
operator, r is the electrons position vector ai:id w is the energy. Simi-
larly the final state is taken to be the sensitizer in the ground state 
and the activator in an excited state, 
= 
9 
10 
The transition rate between the initial and final states is given 
by Fermi's golden rule, 
[1] 
where His the interaction which couples the initial and final states. 
We can consider the interaction to be the coulombic interaction between 
all of the electrons of the sensitizer ion and all the electrons of the 
activator ion. Assuming only one electron on each ion makes a transi-
tion, classically we can write the interaction as 
H = 
where r 8 and rA are the position vectors of the electron on the sensiti-
zer and activator respectively. A more complete development of the 
Hamiltonian is given in the Appendix. R is the vector position of the A 
ion with respect to the S ion. 
If only one electron on each ion makes a transition due to the in-
teraction, then the initial and final states can be written as 
and 
[2] 
11 
[3] 
The second term of Equation [3] represents the exchange interaction of 
the sensitizer and activator ions and allow~ for transitions in which 
spin flips occur. Exchange terms will be considered later in this de-
velopment, consideration will be given now exclusively to the first term 
which has the selection rules, X~ = Xs and XA = XA. In light of these 
selection rules the spin functions will no longer be written explicitly. 
Equation [1] gives the probability per unit time of a transition 
occurring from a specific initial state $1 to a specific final state $F. 
The probability must be summed over all possible combinations of sensi-
tizer and activator states which fulfill the energy conservation condi-
tion, E = E = w' - w = w' - w. This can be accomplished by includ-F I s s A A 
ing the distribution function p~(w;) which describes the probability of 
the s ion being initially in an excited state of energy w' and by intro-
s 
ducing an analogous function for the A ion, pA(wA). The energy eigen-
values will be considered to be closely spaced and w; and wA will be 
considered then as continuous variables. Consideration must also be 
given to the probability that the excited state $'(r1 ,w') of the sensi-s s 
tizer and the ground state of the activator m~y be degenerate by factors 
of g' and g respectively. With these cons:l.derations the sum of all 
s A, 
l.2 
transition rates over all possible transitions can be represented as an 
integral over energy and a sum over all other quantum numbers. The 
transition rate can be written as 
where conservation of energy for the transition has been included ex-
plicitly'by the delta function. Making use of the delta function inte-
gration over w' is easily accomplished and substituting for w = E - w' 
a s s 
Equation [4] becomes 
This form of the transition rate may be more easily handled if the 
Hamiltonian is expanded in a Taylor series about R, the internuclear 
separation of the sensitizer and activator. The Hamiltonian becomes 
H(R) 
2 
e {-
= -- r •r -KR3 s A. 
- - 2 3(f ·R)(~ •R/R} 
s A 
e2 3 Ri 2 R. 2 
+ 3 --4 {.~1(-R ) rAi r . (-3 + 5 ( R1) ) 
2KR 1 s1 
+. [6] 
13 
where the first term in brackets can be identified with the interaction 
between Sand A if both were dipoles; the second term in brackets de-
scribes Sas a dipole and A as a quadrupole.and there are an infinite 
number of higher order terms. This is the very familiar multipole ex-
pansion and as usual is carried out with the expectation that one or two · 
terms will predominate and all others may be ignored. 
Dipole-Dipole Interaction 
If the sensitizer and activator both have allowed electric dipole 
transitions then the interaction between the ions ca11 be approximated by 
the dipole-dipole term of the Hamiltonian, Hdd and we can write 
which when averaged over all possible orientations of R becomes 
4 
2 e I - 1 2 I - 1 2 
= 3 K2R6 <rs> <r A> [7] 
substituting this expression in Equation [5] yields 
4Tie4 -1 I 12 12 PSA(dd) a 3~K2R6 (g~gA) i ~ J dE J dw~p~(w~) <rs> J dwApA(wA) l<rA> 
[8] 
At this point it is helpful to try and identify ~ome of the terms in the 
Equation for P8A(dd) with quantities that may be determined experimental-
ly such as fluorescence and absorption spectra. 
The rate of .spontaneous transitions from a state i to a state f of 
an ion in a crystal with index of refraction n is given by the Einstein 
14 
A coefficient. Taking a thermodynamic statistical average over all ini-
tial states yields 
A(E) .. 4e2E3 (e:.c)2n. 3 ! I - 12 EE <rif> p'(w1 )dw' 
i f 3fl4C3 I e: . gi 
[9] 
e: 
where (_£) is the ratio of the electric field as seen by the ion in the 
e: 
crystal to the electric field in a vacuum. Since! A(E)dE = !..where T 
T 
is the radiative lifetime, a normalized function f(E) can be defined 
such that 
f (E) = T A(E)' 
which is related to the integrated emission intensity of the ion. Simi-
larly the integral over w~ in Equation [8] is related to the integrated 
fluorescence intensity of the sensitizer. 
The rate of absorption by an ion in a crystal can be written as the 
Einstein B coefficient 
B(E) = · 2we
3 e:c 2 2 
EE~(~) ! p(w)dw l<rif>I 
i f gi e: 
The B coefficient is related to the absorption cross section by 
[10] 
cr (E) = B(E) 
c 
n 
Introducing another normalized function F(E) such that 
F(E) 
then 
= cr(E) where Q = ! cr(E)dE Q 
Making substitutions of F(E) and f(E) into Equl:!,tion [8] 
[11] 
15 
3 fl 4 c 4 e: 4 1 1 1 l dE f (E) F (E) 
= 4,r -4- <-;-> 2 6 T QA E4 [12] 
n c K R s 
which can be simplified as 
where 
. 6 R = 
0 
R 6 
P SA (dd) = -!o- ( :) 
s 
cl> 1._ (!le) 4 (~) 4 _!._ Q l dE f (E)F (E) 
s 4,r n e: c K2 A · E4 ' 
[13] 
•
0 is the lifetime of the sensitizers in the absence of activators and cl> 
s s 
is the quantum efficiency of the sensitizers with activators present. 
The concentration dependence of the energy transfer rate is con-
tained in the sensitizer-activator separation, R. The temperature de-
d . i d . h t 1 . 1 f dE f(E)EF(E) • pen ence is conta ne int e spec ra over ap integra 
Consideration now must be given to the fact that in a crystal there 
are many sensitizer and activator ions, and therefore a sensitizer can 
interact with more than one activator: (25). The sensitizers can then 
be divided into classes where each sensitizer in a given class sees the 
same activator environment. For any class y'the transfer probability is 
k ' = y 
NA R 6 
..!.. I: c....e.> 
t i=l R 
s i 
[14] 
where Riis the distance from the sensitizer to the ith activator and 
the sum is over all NA activator ions, compare this to Equation [13]. 
The rate equation describing the time rate of change of the population 
of the Yth class of excited sensitizers is 
d n* I (t) SY 
dt =. - (k + ..L): n* ,·(t) y 't'o sy 
·s 
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[15] 
assu~ing negligible sensitizer-sensitizer transfer, and a delta function 
excitati()n at;: time zero. Equation [15] can be easily integrated to give 
the time evolution of the population of excited sensitizer 
n* 1 (t) 
sy 
1 
-(ky' + 7>t 
= n* ,(o) e s 
sy 
st1;bst,ituting for k from Equation [14] y 
1" 
- -fO 
n* ,(t) n* , (o) s = e 
sy sy 
't' 
- ?>" 
n* , (o) s = e 
sy 
e 
't' NA R 6 (....Q.) 
- - E 
.o i=l R. 
s 1 
R 
1" (-E-) 
NA - :;o Ri s 
i~l e 
[16] 
6 
[17] 
Assuming a r.andom distribution of activators then the number of sensiti-
zers.belot?-ging t;:o classy' is given by 
2 
n = N P , (dY) 
sy s y 
NA 4,r R, dR, 
1 1 
= Ns i~l V [18] 
where Vis .the volume of the crystal. Averaging n:y(t) over all classes 
y we obtain n*(t) such that 
s 
n*(t) 
s 
NA 
where y = ~ and C0 = 
0 
= [19] 
1 
3 here NA is·the activator concentration. 
4'11'(R ) 
0 
If the .rate.equation describing the exci.ted sensitizer pc;:,pulation is 
written, similar to Equation [15], and Equation [19] is. differentiated 
with respect to .time we find 
k 
that the energy 
= 1:. (y ,r)~ 
2 't'Ot 
s 
tran~fer rate becomes 
[20] 
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Note that the energy transfer rate is proportional tot-~. 
Similarly the time evolution of the excited activator population 
can be obtained from the rate equation 
dnA*(t) = k n*(t) - .]._ n*(t) 
s s -cA A [21] 
integrating yields 
= [22] 
Connection With Experiments 
Experimentally the fluorescence intensity of the sensitizer I and 
s 
activator IA of a doped sample can be measured. Also the lifetime of 
the sensitizers and activators can be measured. Although Equation [20] 
predicts a non-exponential decay of the excited sensitizer population a 
lifetime can still be defined for the fluorescence as -c e such that 
s 
e 1 
n*(-c) = e n*(o). Substituting this definition into Equation [20], the 
s s s 
-re 
ratio _.!!. is found to be 
-cO 
s 
[23] 
Alternatively Equation [20] can be solved for the case of steady state 
excitation to give I, the intensity of the sensitizer in the presence 
s 
of activators and this can be compared to I~, the intensity in the ab-
sence of activators, which yields 
18 
2 I 
s 
10 = 
s 
1 - ; Y exp (ff ; ) [1 - erf (Irr } ] [24] 
where erf(x) 2 x 2 = ~ f exp (-Y )dY. To obtain this ratio requires making 
.;; 0 
a measurement of the sensitizer fluorescent intensity on two samples, a 
doped and undoped sample. In practice this entails a great deal of 
tedious and difficult work which may be avoided by considering the ratio 
IA 
1 ~ IA is the activator intensity andI8 .is.the ... sensitizer .. ~ntensity 
s 
where both are measured in the same sample. This ratio can be related 
to Equation [24] by the introduction of the activator and sensitizer 
quantum efficiencies. Defining the quantum efficiency as the ratio of 
the rate of spontaneous transition to the rate of all possible decay 
mechanisms, i.e., radiative decay, radiationless decay and energy trans-
l fer denoted by~' Land k respectively. 
rad 
++k+L 1 = ~ where 't is the observed fluorescent lifetime 
't 
rad 'ts s 
of the sensitizer. The quantum efficiency is also defined as the ratio 
of the number of photons emitted to the number of incident photons. 
I 
Equation [22] can be related to j!- by 
A 
[25] 
where ~A is the quantum efficiency of the activator upon direct excita-
tion and ~o is the quantum efficiency of the sensitizer with no activa-
s 
tors present. 
As mentioned before the temperature dependence of the energy trans-
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fer rate is contained in the spectral overlap integral. For the case of 
transfer involving only a single excited level in the sensitizer and 
activator which are out of resonance by an amount€ , Miyakawa and 
0 
€ 
Dexter (26) have shown that the energy transfer rate varies as exp(- K~). 
For systems in which transfer takes place from more than one sensitizer 
level or in which intersystem crossing is of importance the temperature 
dependence cannot be determined in a general form but is dependent upon 
the individual system. 
Exchange Interaction 
The second term in Equation [3] is the exchange integral, which 
arises due to the indistinguishability of the electrons and would not be 
present in a purely classical description. This term takes into account 
the degree of overlap of the sensitizer and activator wavefunctions. If 
there is no overlap the exchange term is zero. Spin selection rules can 
be deduced and require that 
x' 
s = x' A and = 
otherwise the exchange term is again identically zero. 
Derivation of the energy transfer rate is not straightforward be-
cause it requires knowledge about the shape of the wavefunctions. By 
means of some very broad assumptions Dexter (24) showed the energy trans-
fer rate due to exchange interaction to be 
= ..1. exp (Y[l - ~]) 
~o R 
S O 
[26] 
where 
y = 
and 
2R 
0 
L 
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1'0 
s 
[27] 
Lis an effective Bohr radius,' R0 is the critical transfer distance and 
K is a constant with dimensions of energy. In order to get the simple 
form of Equation [26] a number of approximations must be made concerning 
the nature of the sensitizer and activator wavefunctions. One assump-
tion is that the wavefunctions can be represented as hydrogenlike and 
another assumption is that the sensitizer wavefunction does not vary 
greatly over the volume of the activator ion. 
Inokuti and Hirayama (27) carried Dexter's work further to include 
the case of more than one activator. This was done analagously to the 
extension of Dexter's dipole-dipole transfer rate as outlined in section 
1 of this chapter. The results that they obtain, however, for the in-
tensity and lifetime ratios are no( as simple as for the case of dipole-
dipole interaction and must be evaluated numerically. 
From Equation [26] it can b~ seen that the exchange energy transfer 
rate will vary as the exponential of the sensitizer-activator separation 
as compared to the R-6 dependence of the dipole-dipole rate. In general 
it has been found that the energy transfer rates obtained by making use 
of Dexter's equation are a lower limit to the actual energy transfe~ 
rate by exchange. This has been attributed to the very simple model 
needed to obtain Dexter's equation. 
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Excitons 
General Considerations 
The previous developments described the rate of energy transfer from 
a sensitizer to an activator and is based on the assumption that sensi-
tizer to sensitizer transfer does not take place or is negligible com-
pared to other processes. This assumption is valid when considering the 
sensitizers and activators as impurities in an inert host lattice if the 
concentration of sensitizers is small. 
For the interesting case of host sensitization in which the sensi-
tizer is an ion of the host lattice the rate of energy transfer between 
sensitizer ions cannot be ignored. Even for cases in whic;h the lattice 
surrounding an excited sensitizer relaxes faster than energy transfer 
takes place, the sensitizer to sensitizer transfer cannot be ignored due 
to the small ion-ion separation and the large number of sensitizers com-
prising the environment of an excited sensitizer. In the case of host 
sensitization the energy transfer rate to activators can no longer be 
expressed as the sum of a number of independent rates becau~e the process 
from initial excitation of a sensitizer to the transfer of the excita-
tion to an activator is not a single step process because the excitation 
has a probability of wandering randomly through the lattice before trans-
ferring to an activator ion. In this case the development of the energy 
transfer rate to activators can be more easily envisioned in terms of an 
exciton model which takes into account the random movement of the exci-
tation through the lattice. 
An exciton is a coupled electron-hole pair. Two models of the exci-
ton have been proposed which differ only in the degree of the coupling 
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between the electron and hole. The Wa~nier (28) or Mott (29) exciton is 
the weak coupling case where the electron-hole separation is large com-
pared to a lattice spacing and consequently the exciton is spread out 
over a number of ions. The tight binding or Frenkel (30) exciton model 
pictures the exciton as being localized on only one ion. In both cases 
the exciton motion can be described by a hopping model if the scattering 
mechanisms limit the mean free path to the order of a lattice spacing. 
In this case.each step takes place via a Forster-Dexter interaction. 
After each jump the exciton can 1) jump to another lattice site, 2) de-
cay spontaneously with a decay rate BS and thus be eliminated from con-
sideration, 3) be eliminated because it has landed on a trap from which 
it cannot hop, or 4) be eliminated because it has landed on an activator 
ion. 
Derivation of Energy Transfer Rate 
Random walk and diffusion mathematics are formalisms readily adapta-
ble to this problem. Consider the exciton as being a particle that 
undergoes a number of well defined but randomly oriented displacements 
on the three dimensional lattice of the host. The probability per unit 
time of the displacements is determined by the energy transfer rate be-
tween sensitize+s as determined by consideration of the appropriate 
F6rester-Dexter interaction. Also cc;>nsider a randomly distributed num-
ber· of spherical perfectly absorbing traps (activator ions) as being 
present on certain lattice sites in place of sensitizer ions. Whenever 
an exciton comes with the sphere of influence of the trap it is removed 
from consideration. This problem wa:s considered by S. Cha.ndrasekar (31) 
in his work on the problem of random flights. The transition to diffus-
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ion mathematics can be made by allowing the number of displacements to 
become large which was also solved by Chandrasekar in the same paper in 
his consideration of the.theory of coag1.,1lation in colloids. Using his 
results in the limit of many steps the differential equation describing 
the time rate of.change of the exciton popµlation is 
dN(r,t) - 2 dt- - • G(t) - B8N (r,t) + DV N (r,t) 
with the boundary conditions 
N • N • unit concentration at t • o, lrJ' >Rand 
0 
[28] 
N •oat t = o, Ir! SR where R is the radius of the trap, BS is 
the intrinsic decay rate of the exciton, G(t) is the rate of production 
of "new'' excitons and D is the diffusion coefficiei,.t. Equation [28] is 
a simple diffusion equation which describes the flow of particles into a 
perfectly absorbing sphere of radius R but with the additional consider-
ation that· the particles are being eliminated from consideration at a 
constant rate BS outside of the trap. The boundary conditions imply 
that at t = o there are created N excitons outside of the trap. Equa-
o 
tion [28] was derived for the case of a single trap but may be easily 
extended to a large number of traps if the assumption is made that the 
number of excitons falling into any one trap is not decreased by the 
presence of the other traps. The rate of energy transfer between sensi-
tizers is.contained in D, the diffusion coefficient. 
Equation [28] can be integrated to yield the time rate of change of 
the exciton population as 
N(r,t) 
-B t 
e S N [1 
0 
r-R 
R 2R !. 2(Dt)~. -x2d 
-- +- e x r r;;; o [2.9] 
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where delta function excitation has been assumed. The rate of trapping 
of excitons by activators can be obtained by writing the total flux of 
excitons into traps. 
Total Flux = NA(D grad N(r,t)I ) 
r=R ave 
[30] 
where NA is the activator concentration and the average is over all 
orientations. Making use of Equation [29] and Equation [30] the total 
flux becomes 
-B t 
4TIDR [1 + IR ] N NA e S [31] 
TIDt o 
which is just the flux into one trap times the number of traps. The 
flux of excitons into traps, however is the same as the rate of energy 
transfer to activators times the number of excitons, therefore, the 
energy transfer rate can be written as 
k = 4TI D RNA [1 + IR ] TIDt 
which for typical values of Rand D can be approximated as 
for times of interest greater than a nanosecond. 
Connection With Experiment 
To make the development of the previous section experimentally 
[32] 
[33] 
meaningful we must be able to relate it to. the concentration and tempera-
ture dependencies of the lifetime and intensity ratios. 
The rate equations for the time rate of change of the excited sensi-
tizers in.the presence and absence of activators can be written as 
and 
d n (t) 
s 
dt = 
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= G(t) - BS n~(t) 
G(t) - BS n (t) - kn (t) 
s s 
[34] 
respectively where the superscript o indicates the excited sensitizer 
population with no activators present. These may be easily solved to 
yield excited sensitizer populations as a function .. of time in the un-
doped and doped samples assuming delta function excitation as 
and 
0 
n (t) 
s 
o -BSt 
= n (o) e 
s 
n (t) 
s 
= n (o) 
s 
e 
-(B + k)t s 
0 -1 The lifetimes of the undoped and doped samples become, = B5 and s . 
's = (BS+ k)-l respectively. The lifetime ratio then becomes 
0 ,. 
s 
' s 
= 
0 1 +, k • 
s 
0 
[35] 
[36] 
's 1 Exciton theory predicts that by plotting(-:;-- - 1)~ versus concentration 
S ' s 
the concentration independent energy transfer rate can be determined by 
the slope of the resulting line. 
Similarly the concentration independent energy transfer rate can be 
determined from the ratio of the host fluorescence intensity in the un-
doped sample.to the host fluorescence intensity in doped s81)1.ple by solv-
in~ Equation [34] for the case of·steady state excitation. Equation 
[34] become. 
and 
which yield 
0 
n 
s 
= 
0 = 
0 = WN -Bn -kn s s s s 
and n 
s 
= 
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[37] 
[38] 
respectively~ where Wis the rate of.creating excited sensitizers and it 
has been assumed that N8 the number of unexcited sensitizers is much 
greater than the number of excited sensitizer. The excited state popula-
tions are related to the intensities by the radiative lifetime of the 
excited sensitizers B~. The intensity ratio becomes then 
Io 
s 
I 
s 
= 
B' n° s s 
B' n s s 
= [39] 
where it has be~n assumed that the radiative lifetime of the host is not 
affected by the presence of the activators and that both samples are be-
ing equally excited. As for the lifetime ratio the intensity ratio can 
he used to obtain k. 
As mentioned in the Forster-Dexter development it is experimentally 
easier to measure the ratio of the activator to host fluorescence in the 
Io 
s 
same sample than it is to measure y-. 
s 
From Equation [33] it can be seen that the energy transfer rate 
varies directly with the activator concentration. The temperature de-
pendence of the en~rgy transfer rate is contained in the diffusion co-
efficient: and ex!:!ep,t for very simple, cases is not: easily determined. 
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One suGh simple.case is where the time which the exciton spends on each 
lattice site is long enough for the lattic~ surrounding the excited site 
to relax. · In this case. the excitation will be out of resonance with the 
surrounding lattice by an energy tiE and is usually referred to as self-
trapped. Ther~l detrapping may occur by the absorption of a phonon 
which will make up the energy difference and t:he energy transfer rate 
will exhibit a temperature dependence anal.~gous, to the. temperature de-
pendence of th~,probability for absorption _of a phonon. 
CHAPTER III 
EXPERIMENTAL 
Samples and Temperature Control System 
Four single crystal boules were obtained for this investigation 
from Airtran, Inc., an undoped Cawo4 boule and three doped with Sm3+ in 
concentrations of .01, .1 and 1. atomic percent. The doped samples were 
charge compensated with Na+ in concentrations equivalent to the samarium 
concentration. All boules were grown along the crystallographic a axis. 
Samples were cut perpendicular to the a axis and polished at the Crystal 
Growth Laboratory facil:i.ties at Oklahoma State University. Sample thick-
3+ 
nesses were 3 mm undoped; 2.7 mm for the 1% Sm , 2.7 mm for the .1% 
sm3+ and 3.2 mm for the .01% Sm3+. 
Cooling of the samples was achieved by mounting them on the cold 
finger of an Air Products and Chemicals, Inc. Displex Cryogenic Refriger-
ator model CS202. This is a closed cycle helium refrigerator with the 
capability of continuously varying the sample temperature from room 
temperature to 7°K by means of a heater mounted on the copper sample 
holder. Optical access to the samples was achieved by means of two 
quartz windows mounted on the Displex outer vacuum jacket. Thermal.con-
tact between the cold finger and the samples was.achievad by mechanical 
clamps since all thermal con1=act greases tested showed signific.ant fluo-
rescence in the wavelength region of interest to this investi~ation. 
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Steady State Apparatus 
All absorption measurements were made on a Cary 14 spectrophoto-
meter, using the tungsten-halogen visible light source. No far ultra-
violet absorption measurements were possible due to the large absorption 
coefficient of cawo4 in this region. 
All steady state fluorescence and excitation spectra were made 
using the arrangement shown in Figure 1. An AH 6 1000 watt mercury lamp 
was the light source for all fluorescence spectra. The lamp was oper-
ated at approximately IOOOV and 1 amp, and was simultaneously water and 
air cooled. The Hg lamp was encased in a fused quartz jacket. The ex-
citation spectra of the doped samples were also m~de using the Hg light 
source. The undoped excitation spe~tra were,made using a 150 watt Xenon 
light source, model. Xl50 obtained from PEK, Inc. Convection was the 
only means of cooling for the Xenon source. The light from either source 
was focused onto the entrance slits of a Spex model 1670 minimate mono-
chrometer by means of a condensing lens, system. The minimate has a dis-
o O 
persion of 40 A/mm and the grating was blazed at 3000A with 1200 grooves/ 
mm, grating model 1653A. For fluorescence spectra 5 mm slits were used 
while 2.5 mm slits were used for excitation spectra. The output of the 
monochrometer was focused by means of a short focal length lens (lens 2) 
onto the sample. The exciting light was incident on the broad face of 
the sample~ 
0 The fluorescence signal was monitored at 90 to the exciting light 
path. The signal was chopped by a PAR model 125 mechanical chopper at a 
rate of 2000cps and was focused by means of lenses 3 and 4 onto the en-
trance.slit of a Spex 1 meter Czerny-Turner spectrometer. The spectro-
o 
meter, Spex model 1704, has 4 A/mm dispersion with ultimate resolution of 
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Figure 1. Block Diagram of the Continuous Fluorescence Measure-
ment Apparatus 
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0 better than .1 A. The grating, a Bausch and Lomb number 35-53-15-280 
0 
with 1200 grooves/mm was blazed at 5000 A. The slit width was varied 
dependent upon the particular circumstances of the spectra. At the 
spectrometer output was mounted an R.C.A. C31034 phototube which was 
operated at +1900 VDC. The phototube was cooled by means of a Products 
for Research Thermoelectric Refrigerated chamber model TE..::104 for maxi-
mum reduction of dark current. A special optical window was used with 
the chamber to focus the light onto the photocathode. Chamber specifi-
cations indicate cooling of the tube to be at least to -20°c. 
The output of the phototube was connected to the A input of a PAR 
model 128 Lock-In Amplifier, the output of which was monitored on a 
Heath model EU-205-11 strip chart recorder. The reference signal for 
the Lock-In Amplifier was taken directly from the light chopper. 
A minimum of 24 hours was allowed to achieve cooling of the photo-
tube. All other electronics were allowed a 2 hour warm up period before 
measurements were made. 
Coarse optical alignment of the fluorescence system was achieved by 
0 0 
maximizing the 4400A fluorescence signal with the minimate set on O A 
and using no slits. Finer alignment was obtained by maximizing the 
0 
4400A fluorescence signal with the minimate selectively exciting the 
0 
sample at 2800A with 5 mm slits. 
Fluorescence spectra were obtained by fixing the wavelength reading 
of the minimate and then scanning the Czerny-Turner observing monochro-
o 
meter from 3300A to the long wavelength limit of the fluorescence while 
simultaneously monitoring the Lock-In Amplifier output via the strip 
chart recorder. 
Excitation spectra were obtained by fixing the wavelength monitored 
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by the Czerny-Turner monochrometer and then scanning the minimate over 
the wavelength region of interest, while monitoring the output of the 
Lock-in amplifier via the strip chart recorder. 
No attempt was made to correct the spectra for the spectral re-
sponse of the system. Using published data on the spectral response of 
the phototube, monochrometers and light sources it was ascertained that 
the only case in which any significant adjustmertt to the spectra should 
be made was in the short wavelength region of the excitation spectra. 
Lifetime Apparatus 
All lifetime measurements were made using single photon counting 
time resolved spectroscopy. Two techniqu~s were used: for fluorescence 
with lifetimes of less than 150 µsec (Wo42- lifetimes) a coincident 
pulse height analysis system was used and for lifetimes of greater than 
.5 msec (Sm3+ lifetimes) multichannel scaling was used. 
The optical system used for pulse height analysis is shown in Figure 
2. The light source was an air filled free running spark gap oscillator 
Ortec model 9352. Using a 200 megohm resistor and voltages in the range 
of 5 to 10 KVDC and by utilizing the adjustable gap distance the fre-
quency of the oscillator could be adjusted over a wide range while keep-
ing the duration of each light pulse less than 15 nsec, Selective exci-
tation of the sample was achieved by placing a Schoeffel model GMlOO 
grating monochrometer between the oscillator and the sample, The 
0 0 
Schoeffel has a dispersion of 85 A/mm and grating blazed at 3000A, 1.4 
nun slits were used at all times. The oscillator window was placed at 
the entrance ~aperture, of the Schoeffel and the distance between the 
sample and exit aperature of the Schoeffel was 2.5 in. The fluorescence 
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Figure 2. Optical Apparatus for PHA and MCS Measurements 
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signal was monitored at 90° to the excitation light path with the sample 
at an angle of approximately 45° to the excitation path as shown in 
Figure 2. As stated earlier pulse height analysis was used to obtain 
2-
wo4 lifetimes. An R.C.A. 8850 phototube was used to detect the fluo-
rescence. The response of the 8850 is negligible in the spectral region 
of the Sm3+ fluorescence. However, to insure that no sm3+ fluorescence 
arrived at the phototube a Corning color filter c.s. number 5-60 was 
placed between the sample and the phototube. Also a second glass filter 
c.s. number 0-52 was used to insure that no reflected light from the 
oscillator reached the phototube. Both filters were checked for fluo-
rescence. 
The electronic apparatus used for pulse height analysis is shown in 
block form in Figure 3, Each time the oscillator produced a light pulse 
an electrical signal was sent to an Ortec 436 100 mHz Discriminator which 
provided pulse shaping. The negative output of the 436 was then delayed 
by means of an Ortec 425 Nanosecond Delay, which is capable of introduc-
ing 1.7 to 32.7 risec delay in steps of 1 nsec, The output of the 425 
provided a start signal to an Ortec 457 Biased Time to Pulse Height Con-
vertero 
The fluorescence signal produced as a result of the light from the 
pulser striking the sample was detected by an R.C.A. 8850 phototube which 
was operated at +1900 VDC. The hot anode configuration was used for all 
lifetime work due to its favorable single photon counting characteris-
tics. The signal produced at the anode of the phototube when light was 
incident on the cathode provided a signal to an Ortec 454 Timing Filter 
Amplifier. The 454 was used for pulse shaping and amplification. The 
output was then presented to an Ortec 463 Constant Fraction Discrimina-
P.M. Monochro- D Sample r--- Tube motor Holder .....-
-
--
-
I~ . 
Power Power .!... - .. Disc. ~ Delay supply supply - , Light 
Pulser t , ,Start 
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'" 
Pre- r*" AmP. ~ SCA ....... amo. 
Figure 3. PHA Electronics 
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tor. The 463 uses a specific point on the leading edge of the input 
pulse as a trigger to produce a standard output pulse. The standardized 
negative output of the 463 provided the stop signal to the Ortec 457 
Biased Time to Pulse Height Converter. The 457 converts the time between 
the arrival of the start and stop signals into a proportional voltage in 
the range of Oto lOV. 
In addition to the start and stop channels a linear or single photon 
channel was also used. Signals for the linear channel were taken from 
the last dynode stage of the phototube. The signal was then amplified 
by an Ortec 113 Scintillation Preamplifier. The output of the 113 was 
then shaped by an Ortec 451 Spectroscopy Amplifier, the bipolar output 
of which was used as the input for an Ortec 420A Timing Single Channel 
Analyzer. The 420A provided a positive going square wave to the strobe 
input of the 457 Biased Time to Pulse Height Converter if the following 
conditions were met 1) the input signal to the 420A was above a certain 
level E' and 2) was within a range AE' above E', where both AE' and E' 
were preset by the operator. If the 457 did not receive a strobe signal 
within 100 µsec of the stop signal then the start and stop channels of 
the 457 were internally cleared and the process was started again. 
If the 420A received a signal fulfilling the two conditions of the 
last paragraph then a positive going square wave was sent to the strobe 
input of the 457 Biased Time to Pulse Height converter. Upon receiving 
the strobe signal the 457 sent a positive pulse to a Nuclear Data Ana-
logue to Digital Converter with the height of the pulse proportional to 
the time between the start and stop signals received by the 457. The 
A.D.C. Nuclear Data model 1024 was used in combination with a Nuclear 
Data memory unit and multichannel analyzer. This combination was adjust-
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ed so that the output range of the Biased Time to Pulse Height analyzer 
was divided into 256 regions corresponding to the 256 channels of the 
memory unit. Each pulse input received by the ADC caused the count in 
one of the memories' 256 channels to be incremented by +1, the channel 
being determined by the height of the input pulse to the ADC only. 
The process described above was repeated thousands of times to pro-
duce a single time resolve spectra. Data was gathered until a smooth 
curve was obtained.. The data was then plotted on a strip chart record-
er, the time axis of which was calibrated with reference to the time per 
channel of the M.C~~· by means of a Tennelac Precision Time Calibrator 
model TC 850. The outputs of the calibrator were connected to the start 
and stop channel of the Biased Time to Pulse Height Converter and the 
strobe s"1itched to interval then the M.C.A. was placed on acquire and 
data gathered for a period of time. The results were plotted on the 
strip chart record.er resulting in a straight line representing channels 
having zero counts and a series of spikes corresponding to channels 
separated by a time period as determined by the settings of the Tennelac 
calibrator. Knowing the time separation of the spikes allowed calibra-
tion of the ti~e per channel display of the M.C.A. 
When using the method described above serious consideration had to 
be given to the validity of the statistics involved. Two factors were 
found to greatly effect the statistics, the frequency of the pulser and 
the ratio of stop to start pulses received by the Biased Time to Pulse 
Height Converter. A constant monitor on these factors was accomplished 
by the use of an Ortec Model 715 Dual Counter/Timer. The output of the 
Constant Fraction Piscriminator (stop signals) was used as the input to 
channel A of the counter and the output of the 100 MHz discriminator 
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start signals, also the frequency of pulsing) was used as the input to 
channel B. 
In this manner the frequency of pulsing was monitored making use of 
the timing features of the Ortec 715. By adjusting the gap length and 
the voltage applied to the spark gap oscillator the frequency of pulsing 
was limited to at most,l pulse per 4 lifetimes. This would insure that 
the sample fluorescence due to one pulse was sufficiently low in inten-
sity to not contribute significantly to the fluorescence signal produced 
by the next pulse. 
In addition to the frequency of pulsing the ratio of stop to start 
signals could also affect the statistics. If the Biased Time to Pulse 
Height Converter received more stop signals than start signals the re-
sulting spectra was confused. However, if the ratio of stop to start 
counts was approximately .9 or 1 the spectra produced was not so obvious-
ly distorted but was indeed biased toward shorter lifetimes. This prob-
lem was dealt with in two ways. An aperature inserted between the sample 
and the phototube was used to reduce the fluorescence signal received by 
the phototube and thereqy lowering the number of stop counts. The second 
and most advantageous method was the use of .the linear channel. By 
properly adjusting the E' and AE' levels of the Timing Single Channel 
Analyzer the linear channel could be used to discard all events which 
did not correspond to the event of a single photon being incident on the 
phototube. With the linear channel operating ratio's of stop to start 
signals as large as .8 could be used safely., Without the linear channel 
ratio's of less than .1 stop to start are recommended. The E' and ~E' 
levels used were dependent upon the phototube used and proper adjustment 
of these levels are outlined in detail in a technical note published by 
Ortec, "The Single Photon Technique for Measuring Light Intensity and 
Decay Characteristics." (32) 
_,,. Multichannel scaling was used to determine the sm3+ lifetimes. A 
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Xenon Corporation model 437A Nanopulser and Nanolamp which produced a 19 
nsec light pulse was used as an excitation source. The rest of the opti-
cal arrangement was identical to that used for pulse height analysis ex-
cept for the phototube which was a cQoled R.C.A. C31034. Specification 
of the cooling system is given in the previous section of this chapter. 
The 'electronics configuration used is shown in Figure 4. 
The nanolamp pulsed each time a positive going signal of 3 to 7 
volts arrived at the Remote Auto Trigger input of the nanopulser. This 
signal was provided by a Tektronics type 163 pulse generator which was 
triggered by a Tektronics type 162 waveform generator. A second type 
163 pulse generator provided a start signal of positive 6V to·the start 
input of the M.C.A. 
Upon receipt of a start signal the M.C.A. would step to channel 1 
and add to the memory of that channel the number of counts received at 
the M.C.A. Counts input during the preset dwell time. At the end of the 
dwell time the M.C.A. was internally stepped to the next.channel where 
the proce1;1s was repeated. When the dwell time in the last, 256 th, 
channel ended the M.C.A. was internally stepped to a stop and wait se-
quence. This stop and wait sequence was broken when 1) the mode switch 
was manually changed to display or 2) another start signal was re~eived. 
The counts channel input was obtained from the fluorescence signal 
incident on the phototube. The electronics between the last dynode 
stage of the phototube and the M.C.A. counts input were identical to 
the linear chatmel as described for the pulse height analysis measure-
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ments. The E' and LlE' levels of the Timing Single Channel Analyzer were 
adjusted to discard all but single photon events occurring at the photo-
tube. 
A time resolved spectrum of the fluorescence was obtained by allow-
ing the pulser to excite the sample a large number of times until a 
smooth display was obtained. Again care had to be taken to avoid puls-
ing the sample faster than it could decay. The frequency of pulsing was 
determined by the period of the waveform generated by the Tektronics 162 
waveform generator. Calibrator of the M,C,A, time per channel was not 
necessary because each channel corresponded to the preset dwell time, 
CHAPTER IV 
EXPERIMENTAL RESULTS 
cawo4 Undoped 
Absorption Spectra 
The absorption spectra of a 3 tmn thick undoped Cawo4 sample is 
0 
shown in Figure 5. The spectrum exhibits a strong absorption below 3100A 
and a small tail that extends past soooX. The spectrum is smooth except 
0 for a small broad shoulder at approximately 3900A. 
Excitation Spectra Vs. Temperature 
2-The excitation spectra exhibit structure in the region of high wo4 
absorption. Figure 6 shows the excitation spectrum obtained for the un-
doped Cawo4 sample at 10°K and room temperature while monitoring the 
0 
fluorescence at 3800A. At room temperature there is an intense band 
which peaks at about 2690i and has several shoulders at lower wavelengths. 
At wavelengths longer than 29ooi structure appears at low temperatures 
0 0 0 
as broad weak bands peaking at 2990A, 3090A and 3560A, 
0 Figure 7 shows the excitation :spectrum obtained at 10 K and room 
' 0 temperature while monitoring the fluorescence at 6000A. At room temper-
o 
ature there is a broad band which peaks at 2830A with a shoulder at 
2780i. As the tempeature is lowered the intensity of the band decreases 
and the peak shifts to lower wavelengths peaking near 27soX at 10°K. No 
42 
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structure was observed past 32ooi for observation at 60ooi. 
Fluorescence Spectra Vs. Temperature 
0 
For excitation at 2400A a broad characteristic fluorescence band 
peaking near,44ooi was obtained at all temperatures and is shown at 10°K 
artd room temperature_in Figure 8. The integrated fluorescence intensity 
of this band exhibited virtually no temperature dependence as shown in 
0 
Figure 9. Excitation at 3150A, however produced an unusual, heretofore, 
0 
unreported fluorescence band which peaked near 5200A at all temperatures 
and is shown at I0°K and 121°K in Figure 10. 0 Below 150 K two zero phonon 
lines appear at 368oi and 3750i. The intensity of the high energy zero 
phonon line increased with decreasing temperature while simultaneously 
the intensity of the low energy line decreased. The integrated fluo-
0 
rescence intensity remained relatively constant up to 150 Kand then in-
0 
creases to a maximum at about 220 Kand then decreases as the temperature 
is rais~d further. 
0 
The fluorescence bands produced upon excitation with 2650A light at 
0 10 Kand room temperature are shown in Figure 11. At room te~perature a 
0 broad band peaking near 4400A is produced. As the temperature is lower-
o 
ed, however, the band shifted to longer wavelengths peaking near 5300A 
0 
at 10 K. The integrated fluorescence intensity as shown in Figure 9 in-
o 
dicates a temperature dependence similar to that for excitation at 3150A 
with the maximum occurring at a slightly lower temperature approximately 
Lifetime Vs. Temperature 
The lifetimes of the broad band fluorescence for selective excita-
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tion at 24ooi, 265oX and 3150i are shown in Figure 12 as a function of 
temperature and are tabulated in Table I. Below 220°K the lifetimes for 
O i 3150A excitation became too long to be measured by the pulse height 
analysis method and yet too short to be determined by multichannel seal-
ing. However~ the two points obtained indicate a sharp temperature de-
pendence of the lifetime. 
0 0 
The lifetimes for 2400A and 2650A excitation decrease rapidly as 
temperature is raised from 10°K to 120°K and then level off, This flat 
region extends to approximately 220°K where again the lifetimes begin 
decreasing but not as rapidly as at low temperatures. At room tempera-
ture all three lifetimes are approximately the same, as shown in Figure 
12. 
Absorption Spectra 
3+ GaWo4 :sm 
Figure 13 shows the absorption spectra of a 23 mm thick sample of 
calcium tungstate containing 1% Sm3+ at room temperature. The spectra 
was obtained using unpolarized light apd with·the light path along the 
crystallographic a axis. The spectra appears to be the superposition of 
the smoothly decreasing cawo4 absorption as shown in Figure 5 and the 
3+ 
relatively sharp absorption lines of the Sm centers. Table II lists 
the position of the 58 lines observed in the absorption spectrum. Their 
intensities are designated as strong (S), Medium (M), weak (W) and very 
weak (VW) while their widths are listed as narrow (N) or broad (B). A 
peak not resolved from a major line is designated as a shoulder. Polari-
zation measurements showed little effect on the relative intensities of 
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TABLE I 
UNJ:)O_PED CaWO 4 TUNGSTATE LIFETIMES 
. . . . ., .. ~ .. , ..... _,.., .. , 
Exe·i ta tion W,av,ele-og.th- .. 
Temper~ture 0 0 0 
OK 2400:A 2650A 3150A 
296 7.62 7. 77 13.93 
220 18.39 22.73 186. 
180 21.27 25.34 
123 23.56 25 .-06 
80 25.64 42.2 
38 36.2 75.4 
11.5 63. 117. 
All lifetimes in µsee. 
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TABLE II 
SPECTRAL LINES OF 3+ Sm IN Cawo4 
· A ..... A,BSORF'I'ION 
A(A) - -1 \) (cm ) Comments A(A) - -1 \) (cm ) Comments 
3322 30,102 shoulder 4623 21,631 W,N 
3431 29,146 shoulder 4639 21,556 W,N 
3458 28,918 M,N 4672 21,404 W,N 
3482 28, 719 shoulder 4690 21,322 W,N 
3540 28,249 shoulder 4710 21,231 W,N 
3554 28,137 W,N 4750 21,053 W,N 
3575 27 ,972 shoulder 4760 21,008 shoulder 
3620 27,624 MN ., 4780 20,921 shoulder. 
3630 27, 548 M,N 4805 20,812 shoulder 
3642 27,457 M,N 4815 20, 768 W,N 
3660 27,322 shoulder 4825 20, 725 shoulder 
3695 27,064 W,N 4865 20,555 shoulder 
3725 26,846 shoulder 4900 20,408 W,N 
3762 26,582 M,N 4912 20,358 shoulder 
3800 26, 316 shoulder 4940 20,243 shoulder 
3891 25,700 shoulder 4980 20,080 W,N 
3919 25 ,517 shoulder 5008 19 ,968 W,B 
3928 25,458 W,N 5055 19,782 W,B 
3988 25,075 shoulder 5291 18,900 W,N 
4026 24,839 shoulder 5312 18,825 shoulder 
4045 24,722 S,N 5360 18,657 VW,B 
4072 24,558 shoulder 5525 18,100 VW,B. 
4169 23,987 M,N 5622 17,787 VW,B 
4180 23,923 shoulder 5660 17,668 VW,B 
4200 23,810 M,N 5734 17,440 VW,N 
5846 17, 106 VW,N 
5882 17,001 VW,B 
5920 16,892 VW,B 
B. FLUORESCENCE · 
>.(A) - -1 \) (cm ) Comments A(A) - -1 \) (cm ) Comments 
5467. 0 18, 291. 6 VW,VB 6467.6 15,461.7 shoulder 
5619. 3 17,795.8 W,.N 6468. 8 15,458.8 shoulder 
5631. 2 17,758.2 W,N 6475.2 15,443.5 shoulder 
5633. 8 17,750.0 shoulder 6480.0 15,432.1 W,B 
5635.1 17,745.9 S,N 6483.5 15,423.8 W,B 
56~6. O 17,743.1 shoulder 6512 .o 15,356.3 S,B 
5654.2 17,686.0 W,B 6516 .o 15,346.8 S,.B 
5656.5 17,678.8 W,B 6517 .6 15,343.1 VS,N 
5659.0 , 17,671.0 W,B 6519.2 15,339.3 shoulder 
5661.2 17,664.1 W,B 6521.2 15,334.6 W,N 
5690.0 17,574.7 VW,B 6523.2 15,329.9 W,N 
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TABLE II (Continued) 
... 
- -1 - -1 l(A) .. v (cm ) Comments ... >.(A). v (cm ) Comments 
5706.5 17,523c9 W,B 6556.5 15,252.0 W,VB 
5782.3 17,294.2 VW,VB 6618.5 15,109.2 VW,B 
5845.5 17,107.2 VW',VB 6645 .o 15,048.9 VW,VB 
5888.5 16,982.2 VW 1 N 6702.0 14,920.9 VW,VB 
5894.0 16,966.4 VW,N 6810.0 14,684.3 VW,VB 
5912.0 16,914.7 VW,N 6818.5 14,666.0 VW,VB 
5917 .5 16,899.0 VW,N 6850.0 14,598.5 VW,VB 
5945.5 16,819.4 VW,N 6856. 0 14,585.8 VW,VB 
5967.5 16,757.4 VW,N 6875.0 14,545.4 VW,VB 
5972. 5 16,743.4 VW,N 6877. O 14 ,541. 2 VW,VB 
5991. 2 16 ,691.1 shoulder 6922.0 14,446.7 VW,VB 
5993.3 16,685.3 S ,N 6935.0 14,419.6 VW,VB 
6004.4 16,654.4 S ,N 6980.0 14,326.6 VW,VB 
6046.6 16,538.2 shoulder 7035.5 14,213.6 VW,N 
6050.8 16,526. 7 S ,N 7056.5 14,171.3 W,N 
6054.0 16,518.0 shoulder 7060. 8 14,162.7 shoulder 
6076.0 16,458.2 S,B 7063.8 14,156.7 VS,N 
6121.0 16,337.2 VW,B 7066.5 14,151.3 shoulder 
6136.0 16,297.3 VW,B 7069.0 14,146.3 shoulder 
6147.0 16,268.1 VW,B 7075.0 14,134.3 VW,N 
6159.5 16 ,235 .1 VW,B 7081.5 14 ,121.3 VW,N 
6280c5 15,922.3 VW,B 7085.5 14,113.3 VW,N 
6293.0 15,890.7 VW,B 7092.0 14,100.4 shoulder 
6298.5 15, 876, 8 VW,B 7098.5 14,087.5 shoulder 
6343c0 15, 765. 4 VW,B 7110.0 14,064.7 VS,B 
6373.0 15,691.2 VW,VB 7118 .o 14,048.9 VS,B 
7123.0 14,039.0 shoulder 
7149 .o 13,988.0 S,N 
7178.0 13,931.5 S,B 
7250.0 13,793.1 W,VB 
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the peaks; however, the optical densities appeared to be lower for polar-
ization parallel to the c axis than for perpendicular polarization. The 
0 0 largest polarization effect is exhibited by the 3762A and 4623A peaks 
which are slightly larger for perpendicular polarization relative to the 
other peaks, 
The absorption spectra of calcium tungstate containing Ocl% samar-
ium is shown in Figure 14 for a 20 mm thick sample. The absorption lines 
correspond to those observed for the 1% samarium sample as shown in 
Figure 13 but much of the fine structure is unresolved. 
Excitation Spectra 
The excitation spectra obtained by observing the tungstate fluores-
o O 
cence at 4400A at room temperature and 10 K from calcium tungstate sam-
ples containing 1.0%, .1% and .01% samarium are shown in Figures 15, 16 
and 17 respectivelyo For the 1% samarium sample Figure 15 shows at room 
0 0 0 
temperature two broad bands pea.king near 2500A and 2700A. The 2700A 
band is more intense and has a shoulder near 27Soi. At 10°K the 2sooi 
band has increased by more than a. factor of 2 compared to its room tem-
o 
perature intensity and the 2700A band is totally quenched, Figures 16 
and 17 show that the quenching of the 2700i band decreases with decreas-
o 
ing samarium concentration. Also the 2500A band at 10°K shifts _slightly 
to longer wavelengths with decreasing samarium concentration as does the 
2700A peak at room temperature. At room temperature the 27oof band be-
comes increasingly efficient in producing host fluorescence with decreas-
o ing samarium concentration relative to the 2500A band. 
0 
The excitation spectra obtained by observing the 6463A samarium 
fluorescence line at room temperature and 10°K from calcium tungstate 
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containing 1.0%, .1% and .01% samarium are shown in Figures 18, 19 and 
20 respectively. Comparison with the absorption spectra for calcium 
tungstate with 1.0% samarium as shown in Figure 13 indicates that most of 
' 0 
excitation bands at wavelengths longer than 3400A are the result of 
direct excitation of the samarium. All excitation bands at wavelengths 
0 
shorter than 3400A are the result of excitation of the samarium via 
energy transfer fro~ the calcium tungstate. These bands increase in 
intensity with increasing samarium concentration and decrease in inten-
sity with decreasing temperature relative to the intrinsic samarium ex-
citation bands. 
The intrinsic samarium bands exhibit little temperature dependence. 
At lower temperatures the overall intensity increases and the broad band 
which peaks near 37ooi at room temperature is split at 10°K into two 
peaks at 364oX and 376oi. 
The bands at 2sooX and 27ooX exhibit a temperature and concentra-
o O 
tion dependence similar to the 2500A and 2700A excitation bands of the 
calcium tungstate fluorescence in samples containing samarium as de-
o O 
scribed previously. The excitation bands at 3050A and 3150A decrease in 
intensity with decreasing temperature relative to the 3450 intrinsic 
samarium excitation band and this effect increases with increasing sa-
o 
marium concentration. An excitation band is shown at 3350A in the 1% 
samarium sample but is present only at low temperatures in the .1% 
samarium sample and not observed at all in the .01% samarium sample. 
Fluorescence Spectra Vs. Temperature 
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0 
excitation of the samples at 4150A. The four regions exhibiting the 
most intense fluorescence.are shown in Figure 21 for calcium tungstate 
with 1. 0% Sm3+ at 8°K. .Many smaller peaks are observed between these 
regions and a total of 83 fluorescence lines are listed in Table II. 
Similar spectra were obtained for calcium tungstate samples containing 
66 
0 
.1% and .01% samarium and the latter is shown in Figure 22 at 10 K, the 
only difference being the absence of many of the weak lines. No relative 
intensity changes occur for different polarizations. As temperatu~e is 
increased the lines broaden.and the spectra for calcium tungstate with 
1% samarium at room temperature is shown in Figure 23. Although the 
lines broaden with temperature the total integrated fluorescence inten-
sity remains constant in the temperature range from 8°K to 296°K. 
0 For excitation at 4150A the fluorescent lifetime was measured as 
.85 msec at room temperature and decreased slightly with decreasing 
temperature. The samarium lifetimes are tabulated in Table III. 
Host Excitation 
Excitation at 2400i of calcium tungstate samples containing samar-
ium resulted in both tungstate and samarium fluorescence.for the samples 
containing 1.0% and .1% samarium and only host fluorescence for the .01% 
samarium sample. The shape of the tungstate fluorescence band was iden-
tical to th~t produced inundoped calcium tungstate. The samarium fluo-
rescence for the 1.0% and .1% samarium samples is shown in Figures 24 and 
25 respectively at 10°K and 296°K. The relative intensities of some 
lines change with temperature as shown in Figure 24. Comparison of 
Figures 24 and 25 obviates the low intensity structure on both sides of 
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TABLE III 
INTRINSIC SAMARIUM LIFETIMES 
Temperature S 3+ C . ' m · oncentration 
OK 
.01% .1% 1.0% 
296 • 88 .85 .83 
227 • 86 
180 .88 
126 • 72 .86 .78 
8 • 77 • 72 .65 
All lifetimes in msec. 
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73 
the main fluorescence lines which becomes observable in the .1% samarium 
sample. Both the tungstate and samarium integrated fluorescence inten-
sities exhibit an irregular temperature dependence as shown in Figure 26 
for both 1. 0% and .1% samarium samples and are tabulated in Table IV. 
The ratio of the samarium to tungstate integrated fluorescence intensi-
ties remains almost constant with temperature in both samples as shown 
in Figure 27 and the values are tabulated in Table IV. 
The tungstate and samarium fluorescence spectra for excitation at 
0 
2650A of the .1% samarium sample at room temperature is shown in Figure 
28a. The shape of the tungstate fluorescence is the same as that pro-
duced for this wavelength of excitation in the undoped calcium tungstate 
0 0 
sample. The dips near 4050A and 4190A correspond to regions of high 
samarium absorption and are due to reabsorption. Figure 28b shows the 
spectra obtained for 2650i excitation of the .1% sample at 10°K. The 
shape of the host fluorescence is markedly different from that obtained 
in the undoped sample as shown in Figure 11. Similar tungstate fluores-
cence spectra were obtained for the 1.0% and .01% samarium samples, how-
ever, the samarium spectra were different for each samarium concentra-
tion as shown by comparing Figures 28, 29 and 30." Figures 29 and 30 
0 0 
show the samarium fluorescence spectra for 2650A at.10 Kand room tem-
perature in the 1.0% and .01% samarium samples respectively. 
0 For excitation at 2650A the tungstate integrated fluorescence in-
tensity decreases markedly with decreasing temperature. This is true 
for all samarium concentrations and is not accompanied by a marked in-
crease in the samarium fluorescence as shown in Figure 31. The ratio, of 
the samarium to tungstate integrated fluorescence intensity as a function 
of temperature is shown in Figure 32 and the values of the samarium and 
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TABLE IV 
INTEGRATED SAMARIUM AND TUNGSTATE FLUORESCENCE INTENSITIES 
0 
AND THEIR RATIOS FOR 2400A EXCITATION 
.1% Sm3+ 1.0% Sm3+ 
Temperature 
IG IH 
IG 
IG IH in OK IH 
10 1.830 20.778 .088 2.15 8,056 
81 2.119 23.216 • 091 1. 775 8 .436 
121 1.888 21.543 .088 2.838 10.275 
183 1.416 26.629 • 053 2.817 12 .413 
229 1.432 27.858 .051 3.003 12.062 
296 1.581 19.131 .088 4.694 8.134 
IG and ~ in arbitrary units. 
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82 
tungstate integrated fluorescence intensities and their ratios are tabu-
lated in Table V. 
0 
For excitation at 3150A tungstate fluorescence could be observed 
only in the .01% samarium sample at low temperatures. The shape of the 
0 
tungstate fluorescence was the same as that produced for 2650A excita-
tion of the doped samples at low temperature. The samarium fluorescence. 
spectra for 31soi at 10°K and 296°K are shown.in Figures 33, 34 and 35 
for the 1.0%, .1% and .01% samarium samples respectively. Again each 
samarium concentration produces fluorescence spectra with different de-
grees of structure. At .low temperatures the spectra are sharp lines and 
broaden as temperature is increased. Figure 36 shows the temperature 
dependence of the samarium integrated fluorescence intensity for the 
1. 0% sample for excitation at 3150.t Also shown in Figure 36 are the 
integrated samarium and tungstate fluorescence intensity in the .01% 
sample at the two temperatures at which tungstate fluorescence was ob-
served and their ratio. These values are tabulated in Table VI. 
Pulsed fluorescence measurements.were made as a function of temper-
ature and concentration to determine the tungstate and samarium fluores,.... 
O O O 
cence lifetimes. The samples were excited with 2400A, 2650A and 3150A 
0 light but the absence of tungstate fluorescence for 3150A ma4e it im-
possible to measure a tungstate lifetime for this wavelength of excita-
tion in the doped samples. Figures 37 and 38 show the measured tungstate 
fluorescence lifetime as a function of temperature in samples containing 
0 0 
1.0%, .1% and .01% samarium for excitation at .2400A and 2650A respective-
ly. Both figures indicate at low temperatures that the measured tung-
state lifetime depends upon the samarium concentration. The lifetimes 
decrease with increasing temperature and above 100°K remaining fairly 
TABLE V 
0 INTEGRATED SAMARIUM AND TUNGSTATE FLUORESGENGE INTENSITIES AND THEIR RATIO FOR 2650A EXCITATION 
.01% Sm3+ .1% Sm3+ 1.0% Sm3+ 
Ten1perature, IG IR 
IG 
IG IR 
IG 
IG ~ OK ~ IR 
10 1.537 12.517 .123 4.315 7.825 .551 16.53 16.987 
81 1.661 13.442 .124 4.680 8.354 .560 17.034 22.736 
121 1.346 13. 726 .098 4.703 10. 962 .429 20.052 25.983 
183 1. 284 26.986 .048 5.606 23.322 .240 29.17 53.78 
229 1.160 35.900 .030 4.505 33.566 .134 38.07 87.42, 
296 .901 49.783 .018 5.332 38.093 .140 82.74 113050 
IG and IR in arbitrary units, 
IG 
IR 
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TABLE VI 
INTEGRATED SAMARIUM AND TUNGSTATE FLUORESCENCE INTENSITIES 
AND THEIR RATIOS FOR 3150X EXCITATION 
1% Sm3+ .01% Sm3+ 
Temperature IG IH IG IH OK 
10 1.164 2. 711 6.433 
81 1.963 3.031 • 5.082 
121 1.463 
183 1.570 -----
228 1.634 -----·· 
296 1. 750 
IG and IH in arbitrary units. 
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0 
constant to 220 K. This steady value is approximately 12 µsec for 2400 
excitation and 13 µsec for 2650 excitation but is relatively independent 
of the samarium concentration. The tungstate lifetimes are tabulated in 
Table VII. The measured samarium lifetimes for all concentration for 
0 0 0 
excitation at 2400A, 2650A and 3150A are shown as a function of tempera-
ture in Figure 39. The samarium lifetimes are tabulated in Table VIII. 
TABLE VII 
TUNGSTATE LIFETIMES IN SAMPLES CONTAINING-SAMARIUM 
• 01% 3+ . SnL. .1-% 3+ Sm .. l.0%.··Sm3+ 
0 0 0 0 0 0 
Temperature 2400A 2650A 2400A 2650A Temperature 2400A 2650A 
OK Excitation Excitation Excitation Excitation OK Excitation Excitation 
10 111. 105. 83.8 8 52. 54. 
(11.5°K) (11. 5°K) 
11 98. 88. 69. 77. 9.5 58. 
40 19.6 21.8 22.5 22.5 22 22.7 33.4 
80 13.8 16.6 32 20.1 24.4 
88 -------- -------- 13.7 17.8 48 14.5 16.4 
123 11.8 12.7 63 14.3 13.9 
180 11.5 13.0 12.9 13.1 82 12.5 13.5 
296 6.84 7.05 7.58 7.39 102 11.2 12.9 
120 11.4 12:s 
290 6.33 6.68 
296 5. 85 
All lifetimes in µsec. \.0 
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ture for 2400A, 2650A and 3150A Excitation of 
Doped Samples 
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0 
Temperature 2400A Excitation 
OK 
.01% Sm .1% Sm 1.0% Sm 
80 
.36 .56 .71 
80 • 76 
:L23 • 28 • 81 
:L80 • 23 .41 • 84 
227 • 75 . 72 .78 
296 .90 • 86 
All lifetimes in msec. 
TABLE VIII 
Sm3+ LIFETIMES 
0 
2650A Excitation 
.01% Sm .1% Sm 1.0% 
.37 .53 .48 
.51 
.30 .58 
.25 .59 .83 
.70 .79 
.92 .82 .88 
0 
3:L50A'Excitation 
Sm .01% Sm .1% Sm 1.0% Sm 
.64 .62 .65 
• 86 .78 • 72 
.87 • 79 
.84 
• 85 .70 • 84 
CHAPTER V 
ENERGY LEV~L8 AND ENERGY MIGRATION IN CaWO 4 
Calcium tungstate crystallizes in the scheelite structure (33). As 
shown in Figure 40 each ca2+ is surrounded by 8 wo42- anions giving a 
symmetry of 84 • That absorption in calcium tungstate takes place at the 
2-
wo4 ions was demonstrated by Kroeger (6). He showed the absorption 
ba~d of the t~ngstates to be relatively invariant with different cat!ons. 
The absorption transitions have been widely accepted as charge transfer 
transitions in which an oxygen 2p electron goes into one of the empty 
tungsten Sd orbitals. Butler (8) has performed molecular orbital calcu-
2-lations for the complex wo4 ion. His results are shown in Figure 41 
and he qualifies them as being highly speculative. The levels up to and 
including the t 1 level are completely filled giving rise to a 1A1 ground 
state. Excitation of a single electron from the t 1 to the 2e level re-
. 2 6 4 6 2 6 5 1 
sults 1n a la1 lt2 le 2t2 2a1 3t.2 t 1 2e excited state configura-
ti.Ono 2-In the Td symmetry of the wo4 ion this configuration gives rise 
to four levels which are in turn split by the crystal field of 84 sym-
metry and spin orbit interaction as shown in Figure 42. The ordering 
of the molecular terms .and crystal field levels to this point has been 
arbitrary. It is expecte4 in general that the triplets will have a 
lower energy than the singlet levels and the molecular orbital splitting 
is greater than the crystal field splitting which is greater than the 
spin orbit splitting. In the free ion the only allowed transition is 
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00 
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1A + 1T which in the crystal field gives rise to two allowed transi 1 2 
1 1 1 1 tions from the groundstate to the E ( T2) and B ( T2), In the crystal 
field a third transition becomes allowed 1A (1A1) + 1E (1T1). 
Ordering of the crystal field levels is usually made by comparison 
of the relative intensity of the absorption peaks. Due to the large num-
ber of absorbing sites in a crystal of the size used for this investiga-
tion it was impossible to obtain any information about the structure of 
2- 0 
the WO 4 absorption below 32"00A as shown in Figure 5. However, the 
excitation spectra shown in Figures 6 and.7 indicate that there is struc-
o 
ture in the tungstate absorption band below 3200A. Ordering of the 
levels shown in Figure 42 was obtained from the excitation spectra of 
undoped calcium tungstate. The structure in Figures 6 and 7 can be ex-
o O O O 
plained by proposing four bands near 2500A, 2800A, 3050A and 3550A. The 
accuracy of the assignment of the position is obviously not high nor is 
it important in the level.ordering. 0 The weakest band near 3550A was 
assigned to the forbidden transition 1A(1A1) + 1A(1T1). The next most 
intense band was the 3050i one which was assigned to the 1E level since 
1 transitions from the ground state to the E level are allowed only in 
the crystal field. Extension of the band edge to 3100i has been pre-
viously observed but was attributed to impurities (6). The two most in-
0 . 0 
tense bands at 2800A and 2500A have been arbitrarily assigned to transi-
1 1 1 1 tions from the ground state to the E( T2) and B( T2) levels respective-
ly. There is no evidence that the last two assignments cannot be re-
versed. 
Assignment of the emission transitions is not as straightforward. 
Blassee (34) in hi!:l work on Ywo4 pointed out that the oscillator strength 
of the absorption is about .1 while that of the emission transition is 
about 10-S as indicated by the lifetime of the emission. This indicates 
that either the emission transition begins from a state different than 
100 
the terminal level of the absorption transition or the lattice near an 
excited site relaxes before emission takes place and changes the sur~ 
roundings of.the site sufficiently to cause the observed long lifetime 
of the emission (35). 
The first possibility would in light·of Figure 42 imply that the 
emission transition would take place from the triplet states. This 
would explain 1:he large wavelength shift between the absorption and emis-
sion transitions and would predict a long lifetime. Although emission 
from the triplet states canp.ot be rulec;l. out, two considerations make it 
seem unlikely, The first is that for transitions that are spin forbid-
den one would expect lifetimes longer.than those measured in this inves-
tigation. Th~ second consideration is the emission from triplet states 
has not been reported in similar systems. 
If then the emission is associated with the Stokes shift of the ab-
sorption, the degree of the Stokes shift would be on the order of sever-
al thousand wavenumbers. Such a large Stokes shift is not unreasonable, 
however- it would indicate a great deal of relaxation of the.lattice 
surrounding the excited site which could easily explain the long observ-
ed lifetime of th~ emission. 
What must be determined now is the number of levels from which 
0 fluorescence is observed, Excitation at 2400 and 2650A at room tempera-
ture produces similar fluorescence bands as shown in Figures 8 and 11 re-
spectivelyo The measured lifetimes of the.fluorescence bands are 7.6 
and 7.8 µsec respecti_vely. The similarity of the shape of the bands and 
the lifetimes indicates that the fluorescence is the result of trans!-
tions from the same level, 
0 . 0 O 
Excitation at 2650A and 3150A at 10 K produces similar broad fluo-
101 
rescence bands as shown in Figures 11 and 10 respectively, Lifetime 
0 
measurements show that at 10°K the fluorescence produced for 2650A exci-
o 
tation has a lifetime of 117 µsec while that produced for 3150A excita-
tion has a lifetime much longer, so lon~ that we could not measure it, 
Although this is not conclusive proof that the fluorescence is the re-
sult of transitions from two different levels, the presence of the zero 
0 
phonon lines.in the fluorescence spectra for 3150A excitation that are 
0 
never observed for 2650A excitation verifies that there are two fluoresc-
o 
ing levels responsible for the similar 5200A fluorescence bands, 
0 
The ~hift in the peak of the tungstate fluorescence band for 2650A 
0 0 O 
excitation from 4400A at room temperature to 5200A at 10 K is the result 
0 0 
of thermal crossing between the 4400A and 5200A fluorescence levels. 
The probability of thermal crossing decreases with temperature as the 
probability of absorption of a phonon decreases. As the probability of 
0 
thermal crossing decreases the intensity of 4400A fluorescence observed 
0 
for 2650A excitation decreases and at the same time the intensity of the 
52001 fluorescence increases. At 229°K the peak shift is almost complete 
and below 183°K very little shift is observed with temperature. 
0 
The connection between the zero phonon lines and the 5200A band ob-
o O . 
served for 3150A excitation is not clear. The 5200A band could be the 
0 
vibronic,sideband of the zero phonon lines or the 5200A band and zero 
phonon lines could be due to fluorescence from two different levels that 
are connec~ed via some radiationless process. For the second case the 
absence of the zero phonon lines at high temperatures could also be ex-
plained in terms of radiationless processes. From the results of this 
il;1.vestigation neither explanation could be either proved or disproved. 
There are then at least three and possibly a fourth level from 
102 
which fluorescence is obe,erved in calcium tungstate. Figure 43 shows 
the latter possibility as a configurational coordinate diagram. 
An important point to note about the zero phonon lines is the tern-
perature dependence of their relative intensities as shown in Figure 10. 
0 At 10 K the high energy line is much more intense than the low energy 
line while at 121°K the intensities are about the same. If the two 
2-lines were due to different transitions at similar wo4 sites one would 
expect the.low energy line to increase in intensity relative to the high 
energy line with decreasing temperature which is not the case. 
The observed temperature dependence of the relative intensity of 
the two lines can only be explained if they are assigned to the same 
transition at two types of sites. The high energy line is ·due to transi-
tions at normal lattice sites while the low energy line is due to transi-
tions at trap sites. The traps are proposed as tungstate ions next to 
either chemical or structural defects and thus have a different 9,ymmetry 
than tungstate ions in normal lattice sites. The observed temperature 
dependence of the.relative intensities can then be explained by a model 
as shown in Figure 44 where B and B are the decay rates of the normal 
s x 
and trap sites, respectively, kC is the rate of energy transfer to 
x 
traps, C is the ~rap concentration and AE is the activation energy that 
x 
must be overcome.for the excitation to become.mobile, The trap depth can 
be approximated from the difference in energy of the zero phonon lines 
-1 
and is about 507 cm ; therefore, thermal detrapping is considered negli-
gible, At 10°K the excitation at normal sites (self trapped excitons) 
has a small probability of absorbing a phonon and thus overcoming the 
activation energy AE. As ·a result most all of the observed fluorescence 
is emission from the absorbing sites. The low energy zero phonon line 
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Figure 44. Proposed Energy Migration Model of Undoped Cawo4 
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at 10°K is mostly due to direct excitation of the traps and since there 
are many more normal sites the high energy line is much more intense. 
As the temperature is increased the self trapped excitons have a higher 
probability of thermally overcoming the activation energy and energy mi-
gration to traps increases, As the energy migration to traps increases 
the high energy zero phonon'line decreases in intensity and the low 
energy zero phonon line increases. 
This model also explains the temperature dependence of the tungstate 
lifetimes. Writing the differential equations for the time rate of 
change of the normal site and trap site excited state populations as 
n (t) = - (B + kC )n (t) 
s s x s 
[40] 
n (t) = - B n (t) + kC n (t) 
x xx x s 
[41] 
where it has been assumed that the excitation pulse can be approximated 
by a delta function and the number of directly excited traps is negligi-
ble, Due to the length of the excitation pulse (< 15 nsec) the first 
assumption is reasonable. If the concentration of normal sites is much 
greater than the concentration of traps then the second assumption is 
valid. Also the decay rate of the mobile and self trapped excitons have 
been assumed to be the same to make the problem tractable. Equation [40] 
and [41] can be integrated to yield 
and 
n (t) 
x 
= 
n (t) 
s 
= 
-(B 
n (o) e s 
s 
+ kC )t 
x 
n (o)kC -(B + kc )t 
s x (e s x 
(Bx - B8 - kCx) 
[42] 
-B t 
- e x ) [43] 
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which are the populations of the normal and trap sites, respectively. 
The energy transfer rate from normal sites to traps, kC , is a func-
x 
tion of temperature. After each hop the mobile exciton has the probabil-
ity of hopping again or relaxing radiationlessly by the emission of a 
phonon; however, after relaxing the exciton also has the probability of 
absorbing a phonon. The temperature dependence of kC will then be con-
x 
tained in the diffusion coefficient, Equation [42]. kC will then be de-
x 
pendent upon temperature as the ratio of the probability of absorption 
-LIE to emission of a phonon which is e kT • 
The observed fluorescence will be a combination of normal site and 
trap site fluorescence. The intensity (photon flux) from each type of 
site will be the population of the excited state times the radiative de-
cay rate. Therefore, the observed tungstate fluorescence for pulsed ex-
citation will be 
= n/o) [ (B~ + (B 
x 
B' kC 
x x 
- B - kC ) e 
s x 
B' kC 
x x 
-(B + kC )t 
s x 
(B - B - kC ) e 
-B t 
x J 
x s x 
[44] 
where the primes indicate radiative decay rates. The first coefficient, 
B', arises.due to the contribution normal host site fluorescence makes s . 
to the total observed fluorescence, and the second and third coefficients 
represents the fluorescence from traps. What will be shown in the fol-
lowing development is that due to the temperature dependence of kCx' 
Equation [44] can be considered in the low and high temperature limit 
and predicts a lifetime at low temperatures of (B + kC )-l which is 
s x 
temperature dependent and a high temperature limit (B )-l which is tem-
x 
perature independent. 
Consider the low temperature limit of Equation [44]. 
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At 10°K kC 
x 
is very small.and the second.and third coefficients approach zero, then 
only the first coefficient remains and Equation [44] becomes 
= n (o)B' s s e 
-(B + kC )t 
s x 
at low temperatures and predicts a lifetime of 
't'o = (B + kC )-l 
s s x 
[45a] 
[45b] 
where the superscript zero indicates lifetimes of undoped samples. Since 
kC increases with increasing temperature the lifetime will decrease. 
x 
with ,increasing temperature. 
In the high temperature limit if kC in~reases to a limit such that 
x 
B + kC ~ B then Equation [44] becomes s x x . . 
-(B + kC )t 
I () "'n (o) B' e s x H t s s 
and the.measured lifetime becomes 
() 
't' = 
s 
"' n (o) B' e 
s .s 
-B t 
x [46a] 
[46b] 
which is the lifetime of the traps and is independent of temperature. 
The. accuracy of the ,assumption Bs + kCx Ill Bx at high temperatures will 
be discussed at the end of this development. 
Thus it can be seen from Equations [45b] and [46b] that the pro-
posed model predicts a lifetime near 10°K which decreases with increas-
ing temperature and approaches at high temperat~re a temperature inde-
pendent limit.of (B )-1 • Comparison of these predictions with Figure 
x 
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12 shows very good qualitative agreement and shows that the transition 
0 to the high temperat~re limit occurs near 100 K, 
As mentioned earlier the ene,;gy transfer rate to traps, kC , varies 
. x 
-l).E 
with temperature as exp( kT). The measured lifetime at low temperature 
as given by Equation.[45b] can.be writte~ (36) as 
0 
T = 
s 
(B + kC )-l 
s x = 
-l).E -1 
(B + k'C e kT) 
s x 
where k' is the temperature independent value of the energy transfer 
[47] 
rate and at high temperatures k'C ~ kC • The values of B , k'C and 
x x s x 
l).E can be obtained plotting the logarithm of the lifetimes measured at 
low temperatures versus the inverse of the temperature. The values ob-
o 4 -1 4 tained for 2400A excitation are B = 1,5 x 10 sec , k'C = 4.3 x 10 
s x 
0 
sec-land l).E = 33.9 cm-l For 2650A excitation the values are B = 8.2 
s 
x 103 sec-l k'C = 4.6 x 104 sec...;1 and l).E = 55,6 cm-l 
x 
In the transi-
tion from Equation [44] to Equation [45a] it was assumed that at high 
temperatures B + kC ~ B, The validity of this assumption can now be 
s x x 
considered in light of the values of kC and B just determined. For 
x s 
0 0 4 -1 2400A above 100 KB + kC = 5.8 x 10 sec which can be compared to 
s x 
the value of B obtained from Equation [46b] and the data from Table I 
x 
of 4.5 x 104 -1 sec 
B 
x 
4 -1 
= 4.0 x 10 sec , 
Likewise for 2650i B + kC = 5.42 sec-land 
s x 
This less than ideal agreement necessitates fur-
ther discussion. The assumption that B + kC ~ B at high temperatures 
s x x 
was made so that Equation [44] could be written approximately as Equa-
tion [46a] and thus predict no initial rise of the fluorescence intensity 
in order to be consistent with the experimental fact that no initial 
rise was observed, However, based upon the results just presented this 
approximation is ·not within exper~mental error and Equation [44] does 
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predict an initial rise on the order of 19 µsec. This is not surprising 
due to the very simple nature of the model. By expanding the model to 
allow for direct excitation of the traps and energy transfer to the 
traps before relaxation of the absorbing site the predicted rise can be 
easily reduced by more than an order of magnitude. That an initial rise 
was not observed in any of tQe time resolved spectra is due to the limi-
tations of the time resolved apparatus. Although the ultimate resolu-
tion of the apparatus is on the order of a few nanoseconds, measurement 
of rise times less thaD; 1 µsec becomes difficult when the fluorescence 
decay time is several orders of magnitude larger. This is a result of 
the low intensities .measured and the stE!,tistical limitations which are 
incurred .when the signals produced by fluorescence striking the photo-
multiplier and noise signals produced internally by the measuring elec-
tronics are of the same order of magnitude. 
It ·would be of interest to be able to experimentally obtain a value 
of k, the ·concentration independent energy transfer rate to tr1;1.ps. How-
ever, in all equations the trap concentration and k appear together and 
it is not possible to derive a value of k from measurements made only on 
the undoped sample, since the trap concentration is unknown. 
Also of great interest is the activation energy AE which must be 
overcome in order for self trapped excitons to become mobile. That 
energy migration to traps quenches the fluorescence lifetime of the nor-
mal host sites indicates that the migration take~ place from the fluores-
cing level and therefore after relaxation of the lattice surrounding the 
absorbing site. It is hard to understand how such a small amount of 
energy AE on the order of tens of wavenumbers·can bring the fluorescence 
3 -1 
which peaks near 23 x 10 cm into resonance with the absorption which 
110 
occurs near 40 x 103 cm-1. Consider the diagram shown in Figure 45. 
2-The broad band fluorescence of the wo 4 complex ion indicates that the 
electronic poten~ial energy curve of the ground state has a steep slope 
as shown in Figure 45. The relatively sharp absorption bands as indi-
cated by the excitation spectra indicates that the slope of the excited 
state curves is not as steep. At low temperatures the fluorescence 
transition originates fr.om the lowest vibrational level of the excited 
state and the fluorescence has only a small overlap with the absorption 
transitions. By excitation to the first excited vibrational level of 
the excited electronic state the energy available in a fluorescence 
transition can be brought into much closer resonance with the absorption 
transition. So by tQe absorption of a phonon the self 
the emission and absorption transitions of neighboring 
overlap between 
2-
wo4 sites can be 
greatly increased and as pointed out in the theoretical development the 
degree of self overlap determines to what extent the excitons are mobile. 
Consideration must be given now to wh~t this model predicts for the_ 
case of continuous excitation of the samples. Equations [40] and [41] 
can be solved for the steady state case and easily yield 
and 
WN 
s 
ns = (B + kC) 
s x 
n = 
x 
WN 
s 
(B + kC ) 
s x 
c k 
x 
B 
x 
[48a] 
[48b] 
where Wis the rate of excitation of normal host sites and N · is the 
s 
total number of normal host sites. Direct excitation of the traps is 
assumed to be negligible. The population of the excited levels are re-
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;1.12 
lated to the fluorescence intensities by the radiative decay rat~s. The 
host fluorescence is again a combination of normal site and trap fluores-
cence and the intensity is 
= B'n +B'n s s ·x x = 
WN kC 
-,----Sa..-~ [BI + BI ~] (Bs. + kC) s x B 
x x 
[49] 
where.the primes indicate radiative lifetimes. At ·temperl;l.tures below 
220 °K the radiative and fluorescence lifetimes are approximately equal, 
due to the absenc~ of radiationless processes. The total host intensity 
is then 
= WN 
s 
which .is independent of temperature. Comparison of this prediction of. 
the model to th~ integrated fluorescence intensity for 2400i exc~tation 
0 
as shown in Figure 9 shows good qualitative agreement. For 2650A exci-
tation the shift in tqe peak of the fluorescence band with temperature 
must be considered. As discussed previously the shift in the fluores-
cence emission is the result. of thermal crossing between two levels. 
Below 120 °K the shift in the emission is complete and.the integrated 
fluorescence intensity is indeed independent of temperature as for 240oi 
and as predicted by Equation [49]. The increase in the integrated fluo-
rescence intensity above 120 °K is probably due to the state associated 
0 
with the 4400A fluorescence having a slightly greater quantum efficiency 
0 
than the state which gives rise to the 5200A fluorescence. The decrease 
in the integrated fluorescence intensity above 220 °K is the result of 
increasing radiationless quenching of the fluorescence intensity. The 
0 
change with temperature of th.e intensity of the 5.200A fluorescence for 
0 1 1 3150A excitation is probably due to thermal crossing to the E( T2) level. 
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Empirical Energy Level Scheme for sm3+ in cawo4 
The o~served optical spectra of 3+ Sm in calcium tungstate is due to 
transitions between energy levels of the .samarium 4£5 configuration. 
Several attempts have been made to calculate the free ion ene-rgy levels 
3+ 
of Sm • ·(13.,...15) The most recent results (15) indicate that the lowest 
4 lying fluorescent.state is F512 • The termi11al levels for the .fluores-
cent transitions are the various multiplets of the 6H term with the 
ground state being 6H512 • 
When sm3+ is placed it). cawo4 it substitutes for ca2+ since it has 
an ionic radiue of .946 f which is approximately the same as that of Ca2+ 
(.99 i) and is much greater than the ionic radius of w6+ (.62 i). This 
2-
site is s~rrounded by 8 wo4 ions giving a symmetry of s4 which splits 
the multipl~ts into their Stark components. Crystal field splittings 
for multiplets with various J values in s4 symmetry have been.previously 
worked.out (37) and are shown in Tab1e IX. The two possible crystal 
field levels are bot!). Kramers degenerate. 
In the free ion electric dipole transitions are Laport forbidden. 
Odd crystal'field·terms can cause electric dipole transitions to become 
allowed for the ion in the crystal but their intensity will :be of the 
same order of magnitude as magnetic dipole transitions. Thus selection 
rules for both types of transitions in the crystal must be examined. 
These can be found from group theory considerations of the site sym-
me try.. Table X .sunnnarizes these selection rules where E stands for 
electric dipole; M for magnetic dipole, ,r for light polari~eci parallel. 
to the C axis and rJ·for light polarized perpendicular to the C axis of 
the crystal. 
Tables IX and X are useful in' deriving an empirical energy level 
TABLE IX 
CRYSTAL FIELD LEVELS···FOR· UNGM:At>·MULTIPLETS ·m s4 SYMMETRY 
J 1/2 
r i 
1 
r f 
r i 
r56 
r78 
3/2 
1 
1 
5/2 
1 
2 
TABLE X 
7/2 
2 
2 
SELECTION RULES FOR S 4 SYMMETRY 
rs6 
E,a 
M,a,r 
E,a,r 
M,a 
9/2 
3 
2 
r78 
E,a,r 
M,a 
E,a 
M,a,r 
11/2 
3 
3 
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scheme and. identifying transitions that give rise to the observed spec-
ttal lines. The multiplets of the 6H term should split into J + .!.. crys-2 
tal fielq levels and if all the fluorescence originates from the same 
metastable level, a line should appear in the spectrum for a transition 
to each of these levels. Figure 22 shows the correct number of lines 
for each multiplet group in the three high energy regions of the samar-
ium fluorescence and this leads to the proposed energy level diagram 
shown in Figure 46. 6 The H1112 energy levels were derived fr9m Figure 
0 
21 since spectra .were .extended to the wavelength region beyond6700A only 
for the calcium tungstate sample with LO%samarium. The designations 
for the crystal field states were obtained by noting that within each 
set of lines the number of intense.transitions equaled the number of r56 
levels predicted by Table IX. The 4F512 metastable level is arbitrarily 
assigned to. r 78 since this makes electric dip.ale transitions to the r 56 
levels allowed in both polarizations. However, the selection rules in 
Table X predict that the 'IT spectrum should contain fewer lines than the 
cr spectrum. The fact that this is not observed indicates that both 
electric and magnetic dipole transitions are taking place with about the 
same probability. 
The number of weak intensity lines observed in the fluorescence 
spectra of calcium tungstate with 1~0% samarium as shown in Figure 21 
could arise from several sources. One is the presence of non-equivalent 
sites for the samarium ions. This can be especially important due to 
the problem of charge compensation. The samples used in this investiga-
. 1+ 3+ tion have an amount of Na equal to the concentration of Sm added to 
give charge neutrality. Published electron spin resonance measurements 
on this system (38) imply that for the concentrations of interest the 
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Figure 46. Emperical Energy Level Diagram of Sm3+ in Calcium Tung-
state 
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charge compensation will be non-local for the majority of sites but.some 
local compensation does exist. In the.latter case the samarium site 
symmetry ~ill be Cl' instead of s4 • For this symmetry there is on,ly one 
type of crystal field state and all transitions are allowed.for both 
electric and magnetic dipole radiation.· The different crystal field can-
not lift the Kramer's degeneracy but can cause a shift of the samarium 
levels. 
Emission from higher excited metastable states can also result in 
minor spectral lines. Such emis1;,:lion has been observed from two levels . 
in other systems (39 ,~.O). This mechanism would predict m:i,n:or lines with 
spacings similar to those in the proposed energy level diagram Figure 
46. Examination of Table II shows several sets of lines which suggests 
-1 -1 fluorescence from levels at 17,796 cm and 18,292 cm 
Another possible source for the weak lines in the spectra is vi-
bronic ·transitions. These vibrational-electronic bands may appear on 
the low energy side of the strong electronic transitions at low tempera-
tures with peaks occurring at distances from the electronic line equal 
to phonon frequencies. Phonon frequencies for calcium tungstate (41,42) 
lie between 100 cm-land 450 cm-l 
A final possible source of the extraneous lines is the interaction 
f . hb . s· 3+ . h" h . I h b h . o neig oring m ions at ig concentrations. t as een sown 
(16) that such interaction leads to quenching of the fluorescence in-
tensity above about 1.0%. Results of this effect should be observable 
as a concentration dependence of the spectrum. It is not clear if the 
weak lines cannot be observed in the • 01% sam:ple is at'tributable to some 
physical effect or simply to a decrease in the fluorescence intensity 
beyond the sensitivity of our apparatus. 
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Energy Transfer Model 
Before attempting to establish an energy transfer model for Cawo4 : 
S 3+' · f 1 1 h d ' . ' Th m it is use u to rep ot t e ata in a more instructive manner. e 
presence of energy transfer in general quenches the lifetime of host 
fluorescence for the case of host sensitization. Figure 47 and 48 show 
a plot of the ratio of the lifetimes as measured in the doped and undoped 
samples as a function of samarium concentration at several temperatures 
for 2400R and 26soi excitation respectively. That the ratio is greater 
than 1 for 240oi excitation at 10°K for .01 and .1% sm3+ tends to indi-
cate that the undoped lifetime at 10°K is questionable, 
Similarly the presence of energy transfer usually tends to decrease 
the intensity of the host fluorescence with a corresponding increase in 
the activator fluorescence intensity. This effect usually increases with 
increasing activator concentration and is reflected in an increase of 
the ratio of activator to host fluorescence intensity. Figures 49 and 
50 show a ratio of the samarium to tungstate integrated fluorescence in-
o O 
tensities as a function of samarium concentration for 2400A and 2650A 
excitation respectively. 
In attempting to establish a model for the host sensitized energy 
transfer in CaW04 :sm3+ several experimentally observed facts were con-
sidered of primary importance: 1) below l00°K the lifetime ratio of 
the tungstate fluorescence as shown in Figure 47 and 48 in the samarium 
doped samples decreased with increasing samarium concentration, 2) above 
l00°K the tungstate lifetimes were relatively independent of the samar-
ium concentration, and 3) at all temperatures the ratio of the samarium 
to tungstate integrated fluorescence intensities increased with increas-
ing samarium concentration as shown in Figures 49 and 50. Any proposed 
model must explain these effects. In addition it is important that the 
model be compatable with the model propJsed for undoped calcium tungstate. 
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The proposed model is shown in Figure 51. This is essentially the 
same model proposed for undoped calcium tungstate except that it has 
been assumed that the presence of a samarium ion sufficiently perturbes 
the surrounding tungstate ions to induce a trap site similar to the in 
trinsic host traps proposed for the undoped calcium tungstate model, this 
3+ is reasonable in light of the complicated nature of the Sm spectra. C 
x· 
is the concentration of intrinsic traps, CA is the .concentration of sa-
marium ions and also the concentration of induced traps. B B and B s~ x . A 
are the intrinsic decay rates of the normal tungstate sites, traps and 
samarium ions respectively. kACA' kCA and kCx are the energy transfer 
rates from normal la~tice sites to samarium ions, induced traps and in-
trinsic traps, respectively. F(CA) is the Forster-Dexter energy trana-
fer rate for transfer directly from self trapped excitons to samarium 
ions, which is a function of the samarium concentration. qA is the 
energy transfer rate from induced traps to. samarium, which is independent 
of the samarium concentration since the induced traps are all nearest 
neighbor to the samarium ions. ns, nx ,, nxA and nA are the excited state 
populations of the normal lattice sites, intrinsic traps, induced traps 
and samarium ions respectively. Again ~Eis the activation energy that 
a self trapped exciton must overcome in.order to become mobile. 
From the model in Figure 51 the differential equations for the time 
rate of change of th.e excited tungstate ions ·can be written assuming 
delta function excitation as 
11. (t)_ s .. = [50] 
n (t) = - B n (t) + kC n (t) 
x x x x s 
[51] 
= [52] 
w ,8 s 
Figure 51. Propose Model of Energy Transfer in Cawo4 :sm3+ 
which can be integrated easily to yield 
n (t) 
·s 
n (t) 
x 
= n, (o) 
s 
-(F(CA) + kCx + kCA + kACA + Bs)t 
e 
= n/o) (B - B 
x s 
c k 
x 
The observed t~ngstate.fluorescence is a combination of fluorescence 
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[53] 
[54] 
from the normal sites, intrinsic.traps and activator induced traps. The 
intensity that efl,ch contributes to t\1e observed fluorescence intensity 
is the excited state population times the radiative decay time of the 
excited state.· Thus the observed tungstate fluorescence becomes 
-(B 6+kCx+kCA+kACA+F(CA))t 
e 
[56] 
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the B''s are radiative decay rates. 
0 At 10 K the self trapped excitons cannot gain enough thermal energy 
to overcome the activation energy to become mobile. As ,a result k and 
kA are. about zero and Equation [56] becomes 
therefore at 10°K 
B' n (o) 
S S. 
[57a] 
[57b] 
as the temperature is it1,creased slightly the self trapped excitons be-
cqme somewhat more mobile. This increased mobility means.that k and kA 
are somewhat larger than their,value at 10°K but they are still small 
et1,ough that the majority,of the observed fluorescence is from the normal 
host sites. Therefore, the. first coefficient in the first term of Equa-
tion [56] still dominates and the lifetime becomes approximately 
[58] 
for temperatures slightly above 10°K. As a result as temperature is in~ 
creased from 10°K the model predicts that the lifetime will decre~se. 
As shown in Figures 37 and 38 this·. is what was observed experimentally. 
If as the temperature is increased the energy migration rate to 
traps becomes very .fast so tha.t kCA + kCx >> Bx + qA and kCA + kCx >> Bs 
then the first exponent in Equation [56] will be negligible after short 
times. Ignoring terms of B, B and qA with respect to kC + kCA the 
. s x . . x 
coefficients of the terms can be rewritten and Equation [56] can be 
written in the ,high temperat~re limit as 
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= n (o) [(B' - B') s s x 
B' C k -B t 
x x x 
+ kCx + kCA e 
B' C k -(B + qA)t 
x A e x ] 
+ kCx + kCA [59] 
which if CA>> ex and temporarily ignoring the first exponential becomes 
IH(t) B' n (o) 
-(Bx+ qA)t 
= e x s 
[60a] 
and the lifetime becomes 
(B + -1 't' = qA) s x [60b] 
Equation [60b] predicts that at high temperatu,res the temperature depend-
ence of the lifetime is contained in the temperature dependence of ·B 
. x 
and qA. The most important point to note about·Equation [60b] is that 
it predicts a lifetime which is independent of the samarium concentra-
tion since B:1 is the fluorescenc~ lifetime of the traps and qA i~ the 
one step Forster"'."D.exter· energy transfer rate to nearest n~ighbor samar-
ium ions which is independent of the samarium cQncentration, see Equa-
tions [13] and [26]. 
The firs~ exponential in Equation [59] predicts that the fluores-
cence intensity should exhibit an initial rise. At high temperatures, 
0 
above 120 K, kCA + kCx will be large and the initial rise will be very 
fast and thu~ ·the first exponential was not included in Equa~ion [60a]. 
That an initial rise was not observed was discussed in Part A of this 
chapter. 
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For the measured fluorescence lifetimes the model then predicts that 
at 10°K the lifetime is given by Equation [57b] and is dependent upon the 
samarium concentrat:1,on. As 'the. temperature is, increased slightly the 
lifetime will decrease as predicted by Equation [58] and will still be a 
function of the samarium concentration. Further increase in the tempera-:-
ture results in a lifetime which is independent of temperature and samar-
ium concentration as predicted by Equation [60b]. Comparison of these 
predictions to Figures 37 and 38 shows very good qualitative agreement. 
What then does the proposed mo.del predict for measurements of the 
fluorescence intensities for the case of continuous excitation of the 
sample? What does it predict for the ratio of the samarium to tungstate 
fluorescence intensities? The time rate of change of the excited samar-
ium population can be written .as 
= [61] 
for excitation of the samarium via energy transfer from the tungstate 
ions. Equations [50] - [53] and [61] can be solved for the case of con-
tinuous excitation of the tungstate ions to yield the steady state popu-
lations as 
n = A 
kC 
WN 
s 
' x 
n = -- n 
x B s 
x 
[62] 
[63] 
[64] 
[65a] 
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which by making use of.Equa1;:ion.[64] becomes 
[65b] 
Equations [62], [63] and [64] can.be related to the observed tungstate 
fluorescence intensity by the raq.iative lifetimes of the normal sites 
and traps. The tungstate fluorescence intensity becomes 
IH = B' n + B' n + B' n 
s s x x x xA 
B' B' 
= n [B' + Bs kc + x ) kCA] 
s s · x (B + qA 
x x 
[66] 
Similarly the sa~arium fluorescen~e intensity becomes 
[67] 
The ratio .of the samarium to tungstate fluorescence intensity becomes 
qA kCA 
[(Bx+ qA) + kA CA+ F(CA)] 
[B~ + ~; kCx + ~H kCA] [68] 
where ~~ and ~H are the quantum efficiencies of calciu.m tungstate in the 
undoped and doped samples respectively and the quantum efficiency of 
samarium has been assumed to be 1. Qu~ntum efficiency is defined as the 
ratio of the rate o:f; radiativ.e decay to. the rate of all possible decay. 
Agaiµ looking ~t the high.and low temperature limits predicted by 
the proposed model. At. 10°K k and kA are very small and Equation [6'8] 
becomes 
= 
0 ,· 
s 
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[69] 
where use has been made of Equation C:45b]. At high temperatures (above. 
100°K) kC A becomes large relative to F (CA) and Equation [68] becomes 
qA kCA 
IG (Bx··+ qA) 
= 
~tkcx + ~H kCA IR 
qA 's CA [70] = 
~* ex+ ~H CA 
where use has been made of Equation [60b]. Equations [69] and [70] pre-
diet that at all temperatures the ratio of the .samarium to tungstate 
fluorescence will be a.function of the samarium concentration which is 
what was.observed experimentally as shown in Figures 49 and SO. 
Equations [45b], [57b] and [60b] predict that 
0 ,, 
(~ - 1) 1 
l" ,o 
s s 
0 
= qA above 100 K 
[71.] 
[72.J 
From the expressions for the intensity ratio Equations [69] and [70] pre-
dict 
I ,o H s 
at 10°K [73] 
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= 
0 
above 100 K (74] 
So from the intensity and lifetime measu:i:-ements a value for the Forester ... 
Dexter energy transfer rat~ at 10°K from self trapped excitons directly 
to samarium ions can be obtained. 0 Above 100 K the energy transfer rate 
from traps to samarium ions can be obtained from the lifetime data. The 
values of the energy transfer rates obtained by plotting the lifetime 
and intensity data as <the left hand side of Equations [71] and [72] are 
tabulated in Table XI. As a check of the internal consistency of the 
model the temperature dependence of the energy transfer rates obtained 
from lifetime measurements and tho.se obtained from intensity measurements 
is shown in Figure 52 and indicates a high degree of correlation. The 
energy transfer rates. increase with temperature from 10°K to 100°K as 
thermally activated migration to the traps increases. The decrease 
above 220°K in the energy transfer rate ~s determined from lifetime 
measurements is not indicative of a real decrease in the energy transfer 
rate but instead is the result of radiationless processes. In this tern-
perature range the tungstate lifetime in the undoped sample is the life-
time of the intrinsic host traps and in the doped samples is the life-
time of the.induced traps as quenched by energy transfer to the samarium 
ions. Since the origin of the traps is different it seems reasonable 
that they would be affected slightly different by radiationless process-
es. The apparent decrease in the energy transfer rate is then the re-
sult of the lifetime of the undoped sample being quenched more than the 
lifetime of the doped samples by radiationless processes. The apparent 
disagreement above 220°K between the energy transfer rates predicted by 
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TABLE XI 
ENERGY TRANSFER UTES 
2400R 
0 
IG T s 1 x 10-4 -1 1 -4 -1 (- - 1) - sec 
IH 
-x 10 sec 
T O 0 
s T T 
s s 
.01% .1% 1.0% .01% .1% LO% 
10 014 .42 
40 2.3 1. 7 3.5 
80 3.3 4 .1 .35 .82 
88 3.4 
123 4.2 4.5 .37 1.2 
180 4.0 3.1 .25 1.1 
229 .28 1.4 
296 1.5 .069 4.0 1.1 7.6 
265oR · 
11 .098 .34 .81 a 11 .47 083 
40 3.3 .31 3.6 
80 3.6 5.0 .29 1.3 1.8 
123 3.9 4.0 . 39 1. 7 3.1 
180 3.7 3.7 .19 .95 2.1 
229 .14 .61 2.0 
296 1.3 .66 2.0 .23 1.8 9.4 
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lifetime and.intensity measurements is the result of these same radia-
tionless processes which quench not only the lifetime but also the, inten-
I 
s,ity of the tungstate fluorescence. 
es due to a decrease in both IH and 
A 1 h . Gl. s .. a resu t t e ratio y- ?5" increas-
e H s 
T rather than due to an increase in s . . 
the energy ~ransfer rate which would appear as an increase in IG. Also 
due to ion-ion (16) interaction the energy transfer rates determined from 
intensity, data at high concentrations are questionable. 
J+.s a fur;her comparison the da.ta·in.TableXI plotted as a function 
of the samarium cop.centration for 2400X excitation and 26SOX excitation 
is shown in Figures 53 and 54 respectively. Note that at low tempera-
tures both the intensity and lifetime data predict an energy transfer 
rate which increases with increasing samarium.concentration. At high 
temperatures the lifetime results indicate that the energy transfer rate 
is independent of the samarium concentration, while the intensity results 
are still a function of the samarium concentration as is predicted by 
Equation [74]. Special consideration must be given to the intensity data 
0 0 
for 2650A excitation. As shown in Figure 11 for 2650A excitation the un-
doped calcium tungstate fluorescence shifts to longer waveleng;hs with 
decreasing temperature. Comparison.with Figure 28 shows ~hat the longer 
wavelength fluorescence is not observed, in samples containing samarium. 
0 As shown in Figure 31 the tungstate fluorescence intensity for 2650A ex-
citation of samples containing samarium decreases with decreasing temper-
ature, however, the samarium intensity does not display a cor];'esponding 
increa!,!e. It appears then that the longer wavelength tungstate fltiores-
cence is quenched by the presence of the samarium and is quenched radia-
tionlessly. This is also indicated by the decrease in the intensity of 
0 
the 2650A band with decreasing temperature in the excitation spectra 
shown in Figures 18, 19 and 20. Therefore, the increase in the intensity 
0 
ratio with decreasing temperature for 2650A excitation does not 
:indicate an inci;-ease, in the energy transfer rates considered in the 
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model. Note also that the 5200X fluorescence band produced for 3150i 
excitation of the ungoped calcium tungstate sample is not observed in 
samples containing samarium. 
How do the values of the energy transfer rate determined empirical-
ly compare to the theoretically calculated and what is the mechanism by 
which energy is transferred from traps to nearest neighbor samarium ions. 
From Equation [13a] value for R0 can be calculated using the index of 
4 -1 
refraction n = 1.92, the mean overlap energy E = 2.48 x 10 cm , ~s = 1 
and a calculated value of the spectral overlap integral of 3.35 x 10-2 
-1 -1 -1 
mole cm liter • R is found to be 0 . 
0 3.95A. Using a trap-activator. 
0 
separation of 3.68A which is the.nearest neighbor wo!- - ca2+ separation 
the energy transfer rate for dipole-:-dipole interaction can be calculated 
using Equation [13]. At ·180°K t}:lis yields 7.2 x 104 sec-l for 24ooX ex-
. 4 -1 0 
citation and 6.0 x 10 sec for 2650A excitation. The energy transfer 
rat~ for exchange interaction can be;calculated from Equation [27] using 
an effective Bohr radius, L; of .9X which .is·half the w-o separation. 
The calculated values for the energy transfer rates due to exchange in-
4 -1' 4 -1 0 0 teraction are 8.6 x 10 sec ~nd 7.2 x 10 sec at 180 K for 2400A 
0 
and 2650A excitation respectively. The experimentally determined values 
0 4 -1 4 -1 0 0 
at 180 Kare 3.5 x 10 sec and 3.7 x 10 sec for 2400A and 2650A ex-
citation as determined from Equation [72]. By comparison of these 
theoretically and experimentally calculated values of the energy trans-
fer rate it is impossible to isolate either dipole-dipole or exchange as 
the interaction mechanism, However, the good.agreement between the 
theoreticql and empirical values indicates that at high temperatures the 
energy transfer to samarium io11s does take place mainly from nearest 
neighbor t'.\iap sites and thus further substantiates the proposed model. 
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From Equations [71] and [73] the Forster-Dexter energy transfer 
rate for transfer from self-trapped excitons to the samarium ions at 10 
~K can.be determined, and the values are tabulated in Table XI, What is 
the energy transfer mechanism? From Equation [23] the quenching of the 
tungstate lifetime can be calculated for the case of dipole-dipole in-
teraction. Using the value of R previously calculated Equation [23] 
0 
T 
predicts a ratio of .~ of .95 for 1% Sm3+ which can be compared to the 
s 
measured value of ,5, This indicates that if the transfer mechanism 
were dipole-dipole a much smaller quenching of the lifetime would be ex~ 
pected, and therefore the interaction mechanism is probably not dipole-
dipole interaction,. As mentioned earlier calculation of lifetime quench-
ing due to exchange is very complex and must be performed by computer. 
However, comparison of the experimentally determined lifetime quenching 
to the results given by Inokuti and Hirayama for exchange indicates that 
simple exchange also predicts a much smaller quenching of the lifetime 
than is observed. +nokuti and Hirayama's calculations were performed 
using Dexter's simple model for exchange. It has been shown (43,44) 
that by consideration of the relative orientation of the ions the pre-
dieted energy transfer rate due to exchange can be increased by several 
orders of magnitude, Since the development of the dipole-dipole energy 
transfer rate is relatively straightforward and predicts a much lower 
energy transfer rate than is observed, the interaction mechanism is 
probably an exchange interaction. 
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The energy migration rate·· to traps (k) can be characterized by the 
diffusion coefficient (D), the hopping time (tH) and the diffusion 
length (t). Using the method described for the undoped sample, the 
energy migration ra~e can be determined from the temperature.dependence 
of the tungstate lifetimes in tQe doped samples. 3+ For the cawo4 :sm .01% 
104 -1 sample kCA is found to be.7 x sec and knowing 
cm-3 k was calculated and is '5.5 x 10-14 cm3 sec-1 • 
18 CA to be 1.27 x 10 
Using Equation [33] 
the diffusion coefficient can be calculated and is 1. 27 x 10-7 cm2 sec -l 
' 0 
where R has been taken to be 3.68A, a tungstate.,.tungstate lattice spac-
ing. This is.a smaller diffusion coefficient·than.has been found.for 
excitqns in organic, crystials ·. (45) but larger than those reported for 
migration among rare earth sensitizers in other host crystals and glasses 
(46). The diffusion length .can be determined from the diffusion cqeffic-
ient by the.relationship R, = (Dt)~ and using the measured lifetime of 
0 12 µsec at ,100 K for 2400 excitation this yields a value for R, of 
2. 82 x 10-6 cm. Comparison of this .value to the aver~ge tungstate-
samarium separation for a sample containing .01% Sm3+ of 5.7 x 10-7 cm 
shows that after an exc~ton becomes mobile it has a high probability of 
being trapped.next to a samarium ion which is consistent with the pro-
posed model. 
If a hopping model is conside.red, then the hopping time can be de-
termined f'X'.Qm tl;le diffusion coefficient from the relationship. D = a2 / 3tH 
where a is the average hopping distance. Considering only nearest neigh-
-9 bar hops tH is found to be 4.14 x 10 sec where.a is taken to be the 
tungstate".'"tungstate separation. A theoretical estimate of tH can.be 
made 
p = H 
by calculating t4e probability of tungstate-tungstate transfer, 
-1 tH. Using the value measured in this investigation for the tung-
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-3 -1 -1 
state spectral self overlap integrai of 1.72 x.10 liter mole cm 
4 -1 
and a mean overlap energy of 2.95 x 10 cm , R can be calculated using 
0 
0 0 
Equation [13] to be 2.16A. Taking L to be 0,9A and Y = 4,8 then from 
Equation [26] p;1 (ex) = .14 msec and from Equation [13] p;\dd) = .18 m 
0 
sec for 2400A excitation which is much longer than the experimentally 
determined value of 4.14 x 10-9 sec. This indicates that the activation 
energy (l:IE) is important . in increas;ing the resonance of · the absorbing 
site and the surrounding tungstate ions. This increase in resonance can 
be expressed as an increase in R. It is not unreasonable to expect R 
0 0 
to be on the order 0 -9 of 16A which gives tH(dd) = 3.3 x 10 sec or on the 
order of 8X which gives tH(ex) = 1.7 x 109 sec, which gives. a hopping 
time that.is in good agreement with the experimentally determined hopping 
time. 
3+ Finally a comparison of kCA obtained for Cawo4 :sm ,01% and the 
values of qA given in Table XI shows that even at the.lowest samarium 
concentration~ kCA > qA. This indicates that the limiting step in the. 
energy transfer process is the transfer from traps to the samarium ionso 
CHAP.TER VI 
SUMMARY AND CONCLUSIONS 
' 
The results of this investigation .indicate: 1) the presence of 
intrinsic host traps even in undoped calcium tungstate, 2) at low tem-
peratures ,the excitons .are self trapped and must overcome an activation 
energy in order to become mobile, 3) the presence of a triyalent samar-
ium ion sufficiently perturbs the surrounding lattice so as to produce a 
host trap nearest neighbor to the samarium ion, 4) above.100°K energy 
transfer to the samarium ions takes place by diffusion to the host traps 
from t~e absorbing site followed by transfer from the traps to the samar-
ium ions in a one step process,. 5) the mechanism for the energy transfer 
from traps to samarium ions is eithe.r dipole-dipole or exchange interac-,, 
tion, 6) at low temperatures energy transfer takes place from self 
trapped excitons to sal)larium ions by a one step Fcirster-Dexter process 
and 7) the mechanism by which thb transfer takes place is probably ex-
change. 
I would like to propose that t}:lis investigation be·extended in 
several areas. By obtaining the proper photomultiplier base single shot 
measurements of the fluorescence lifetimes not measureable by the methods 
used in this investigation could be.obtained. Also single shot measure-
m·ents would make it possible to measure the risetimes predicted by the 
model which was discussed in Chapter V. 
A second very interesting extension would be to use a highly mono-
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chromatic light source such as a tuneable dye laser to examine the ex-
traneous structure of the samarium spectra in calcium tungstate. By 
selective excitation of specific samarium absorption bands the resulting 
fluorescence spectra could be examined to determine if the extraneous 
structure is the result of excitation of samarium ions near defects and/ 
or samarium-samarium ion interaction. Also with an intense monochromatic 
source a high resolution monochromet;.er could be used to obtaine the time 
resolved spectra of very narrow wavelength regions of the samarium 
spectra such as the low intensity lines, This would provide a means of 
determining to what extent transitions from higher excited metastable 
states contribute to the extraneous structure, 
Since one area in which inorganic phosphors is of great commercial 
value is C.R.T, displays, this investigation should definitely be extend-
ed to include a study of cathodoluminescence of powdered samples of 
3+ CaW04:sm • The usefulness of a phosphor in C.R.T. displays depends not 
only upon the spectral distribution .of the fluorescence but also depends 
greatly ·on the efficiency of the phosphor when excited by low energy 
electrons. 
Finally I think an investigation of host sensitized energy transfer 
in similar systems would be of great interest. One such system is 
3+ YV04:Eu Although exciton migration has been studied extensively in 
organic systems, very little work has been done in inorganic systems. 
The results of this investigation have sh.own that exciton migra t;.ion can 
play an important role in the energy transfer process in inorganic sys-
3+ terns; however, the· complexity of the Cawo4 :Sm system made it virtually 
impossible to characterize the exciton migration in terms of the para-
meters used to describe the exciton motion. By studying a system that 
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is not as complicated as Cawo4 :sm3+ it is hoped that more knowledge 
about the dynamics of exciton migration in inorganic phosphors could be 
obtained. Th~ commerical and academic value of inorganic phosphors as 
sources of artificial lighting, C.R.T. displays and as laser host mater-
ials warrants further investigation of these systems. 
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APPENDIX 
SIMPLIFICATION OF THE INTERACTION HAMILTONIAN 
Classically the interaction Hamiltonian can be written as the 
electtostat~c interaction of all the electrons of the sensitizer with 
all the electrons of the activator, plus the electrostatic interaction 
of all the electrons of the sensitizer with the.nucleus of the.activator, 
plus the electrostatic interaction of all the electrons of the activator 
with the nucleus of the sensitizer. This can be written as 
H = [75] 
where n and mare the number of electrons on the sensitizer and activa-
tor, respectively and z8. and ZA are the nuclear charge of the sensitizer 
and activator respectively, 
If only one electron on the sensitizer and one electron on the 
activator make a transition in the energy transfer process then the 
initial and final electronic states can be written as a product of one 
electron states as 
11¥1> = 11¥81> 11¥S2> .. , l·(/JSi>", ltj;sn> ltj;A/ ltj;A/' .. 1tj;A/ 0 .. 1tj;Am> 
and C76] 
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the only elements of th~ transition matrix which will be non zero is. 
[77] 
Therefore, the only term in the Hat11iltonian which needs to be considered 
is the term 
[78] 
and the interaction Hamiltonian is written '!:hen as 
H [79] 
where the subs~ripts, i and j have been dropped. 
To avoid confusion when considering exchange effects ,the subscripts 
Sand A are replaced by the subscripts .1 and 2 respectively whenever a 
state is wr:Ltten as a function of both rand w, therefore 1/J(rs,ws) is 
written 1/J(r1 ,w8). 
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